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5Abstract
There are two main challenges when producing in vitro cell systems: first, to reconstitute the in
situ cellular microenvironment, thus delivering more representative and reliable cell models for
drug screening and disease modelling studies. Second, to record and quantify the electrical and
chemical gradients across the culture. Ideally, both challenges should be accomplished within a
single platform towards a lab-on-chip implementation. This research work investigates the applica-
tion of Parylene C in cardiac cell scaffolding and its integrability with electrochemical monitoring
technologies for measuring extracellular action potentials and pH.
The surface properties of Parylene C in terms of water affinity, chemical composition and nan-
otopography were characterised before and after modifying the material’s inherent hydrophobicity
through oxygen plasma. A technology was developed to selectively alter the surface hydropho-
bicity of Parylene C through standard lithography and oxygen plasma, which is characterised by
µm resolution and long-term pattern stability, and can accurately control the extent of induced
hydrophilicity, the pattern layout and 3-D geometry.
The micro-engineered Parylene C films were employed as scaffolds for cardiac cells with immature
physiological properties, such as neonatal rat ventricular myocytes (NRVM). The scaffolds promoted
a more in situ cellular structure and organisation, while they improved important calcium (Ca2+)
cycling parameters such as fluorescent amplitude, time to peak (Tp), time to 50% (T50) and 90%
(T90) decay at 0.5-2 Hz field stimulation. The thickness of the patterned Parylene C films was
found to regulate the shape of the cells by controlling their adhesion area on the Parylene substrate
through a thickness-dependent hydrophobicity. NRVM on thin (2 µm) membranes tended to bridge
across the hydrophobic areas and adopt a spread-out shape (average contact angle at the level of
the nucleus was 64.51o). On the other hand, cells on thick (10 µm) films were mostly constrained on
the hydrophilic areas and demonstrated a more elongated, cylindrical (in vivo-like) shape (average
contact angle was 84.73o). The cylindrical shape and a significantly (p <0.05) denser microtubule
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structure in cells on thick films possibly suggest a more mature cardiomyocyte. However, there was
no significant effect on the Ca2+ physiology between the two groups.
The micro-patterning technology was able to deliver free-standing Parylene C thin films
(2-10 µm) to study the effect of substrate elasticity and flexibility on the Ca2+ physiology of
NRVM. Preliminary results showed that fluorescent amplitude and time to peak were improved
in structured NRVM cultures on stand-alone Parylene films compared to rigid Parylene-coated
glass surfaces. However, no such trend was present in Ca2+ release parameters (T50, T90). The
flexibility of the culture substrate was also manipulated by employing free-standing micro-patterned
Parylene C films of distinct thicknesses (2-10 µm), but did not affect the cellular Ca2+ physiology.
Further biological validation is needed with a larger sample size to draw a certain conclusion.
The cell patterning technology was transferred to commercially available planar Multi-Electrode
arrays (MEAs) to demonstrate integrability of this method with existing monitoring tools. The
micro-patterned MEAs induced anisotropic cardiomyocyte cultures, as they substantially increased
the longitudinal-to-transverse velocity anisotropy ratios (1.09, n=4 to 1.69, n=2), promoting action
potential propagation profiles that closer resembled native cardiac tissue. Furthermore, the micro-
engineered MEAs were proven to be reusable, yielding a versatile and low-cost approach that is
compatible with state-of-art recording equipment and can be employed as a more reliable, off-the-
shelf tool for drug screening studies.
Selective hydrophilic modification of Parylene C was also employed to activate locally the H+
sensing capacity of such films, implementing extended-gate pH sensors. The ability of Parylene
C to act in a dual way - as an encapsulation material and as an active pH sensing membrane -
was demonstrated. The material exhibited a distinguishable sensitivity dependent on the oxygen
plasma recipe, relatively low drift rates and excellent encapsulation quality. Based on these princi-
ples, flexible Parylene-based high-density miniaturised electrode arrays were fabricated, employing
Parylene as a flexible structure material and as a H+ sensing membrane for local detection of pH.
The presented Parylene-based technology has the potential to deliver integrated lab-on-chip im-
plementations for growing cells in vitro with controlled microtopography while monitoring the
extracellular electrical and pH gradients across the culture in a non-invasive way, with application
in drug screening and disease modelling.
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Chapter 1
Introduction
1.1 Outline
I
N vitro cell models have made an important contribution over the years to the study of disease
mechanisms and drug efficacy and optimisation, replacing animal-based ( in vivo) testing and
eventually eliminating suffering and distress for these animals. In particular, in vitro systems of
human stem cells have been suggested as potential human-relevant assays in regenerative medicine
and drug research. As human tissue is of limited availability and most of the times pathological,
since it either comes from explanted organs prior to transplant or from diseased tissue removed
during surgery, these systems can potentially play an important role as pharmacodynamic and
pharmacokinetic models.
To understand fully how tissues form and function it is crucial to produce reliable and highly
dynamic in vitro cell models not only by reconstituting the in vivo cellular microenvironment, but
also by recording and quantifying the complex tissue-tissue interactions and electrical and chem-
ical gradients across the culture. Therefore, the engineering challenge in delivering advanced cell
culturing platforms is twofold; first, the development of bio-realistic cultures, i.e. culture systems
that preserve important structural and functional properties of in situ tissue. Bio-realistic cultures
facilitate the electrical and mechanical interaction between cells that affects the cell differentiation,
functionality and longevity, and thus they comprise more representative and reliable models for dis-
ease and pharmacological studies. The second challenge concerns the spatiotemporal monitoring
of the cellular electrochemical activity. Electrical monitoring of 2-D cell cultures is well established
with state-of-the-art being planar multi-electrode arrays (pMEAs). Despite the wide applicabil-
ity of these devices as cell culture platforms with integrated monitoring features, this technology
only addresses unstructured cell systems on rigid substrates, which do not account for the spe-
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cial intercommunications of in vivo cell populations or their active mechanical microenvironment.
On the other hand, chemical monitoring has been mainly accomplished optically through confocal
microscopy and fluorescent dyes. Nevertheless, fluorescent probes are phototoxic and significantly
reduce the lifetime of the culture to a few hours after application of the dye. An additional issue
with fluorescence is photobleaching, which dramatically limits long-term monitoring. Electrochem-
ical sensors have been introduced to address the aforementioned issues, such as ion sensitive field
effect transistors (ISFETs), single ion selective electrodes (ISE) and nanowire nanosensors. The
integration of these technologies with cell culture scaffolds though remains the greatest challenge.
This research focuses on the development of Parylene C-based micro-scaffolds that control
the morphology and Ca2+ physiology of cardiac cells by regulating culture conditions, such as
constraints to cell growth and substrate properties. In addition, this work explores the integrability
of Parylene C with electrochemical sensing modalities for monitoring physiological parameters, such
as extracellular action potentials and pH.
1.2 Objectives
The technology developed within this Ph.D. is demonstrated via cardiac cells with an immature
phenotype, such as neonatal rat ventricular myocytes (NRVM). It primarily focuses on delivering
2-D scaffolds that effectively promote the unique anisotropic structure of in situ cardiac tissue and
improve the physiology of these cell lines towards more mature tissue. Complementary, this research
explores the potential of integrating electrochemical monitoring features into these scaffolds towards
a lab-on-chip implementation for growing and monitoring biomimetic tissue. The motivation behind
this effort lies in the future application of this technology with induced pluripotent stem cell derived
cardiomyocyte (iPSC-CM) in order to produce dynamic, human-relevant assay systems that will
replace animal use in cardiovascular research and potentially provide patient-specific tissue parts.
The project consists of three steps: the first step involves the micro-fabrication of Parylene C-
based platforms that structure cardiac cells, such as cardiac myocytes and fibroblasts, and examines
the effect of patterning and substrate properties (flexibility, thickness) on the cellular calcium
(Ca2+) physiology. In the second step, this approach is transferred to commercially available
monitoring tools to produce anisotropic cardiac cultures for action potential propagation studies.
The third step investigates the realisation of Parylene C-based pH sensors that can be potentially
integrated with the cell platforms as an evaluation means of the cellular metabolic activity.
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1.3 Organisation of the thesis
Chapter 2 provides a background on the anatomy and electrophysiology of cardiac tissue from the
whole-organ to the cellular level, which is followed by a thorough review of current state-of-art
tissue engineering strategies.
Following this, chapter 3 identifies important electrical and chemical properties of the bio-
system studied here and reviews the relevant cell-based sensing technologies. Limitations and
further opportunities for research in the field are highlighted.
In Chapter 4, a new technique for self-alignment applications of cells and biomolecules is
demonstrated. The first part of the chapter is dedicated to the characterisation of the surface
properties of Parylene C and the processing optimisation of the material, while the second part
emphasises on the application with extracellular matrix (ECM) proteins and cardiac cells. Partic-
ular emphasis is given to the impact on the cellular structure and Ca2+ function.
In Chapter 5, the patterning technology is transferred to commercially available pMEAs,
highlighting the integrability with state-of-the-art monitoring products. Action potential propaga-
tion direction and conduction velocity are studied in structured cardiomyocyte cultures.
Chapter 6 demonstrates the potential of integrating chemical sensing modalities with the
patterning technology. This section presents versatile implementations of pH sensors, employing
Parylene C as a pH sensing membrane, an encapsulant and a flexible support layer.
Chapter 7 summarises the accomplished work, highlights the contributions of this Ph.D.
thesis and finally provides future directions.
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Chapter 2
Fundamentals to cardiac cell culturing
2.1 Introduction
T
HIS chapter provides a basic introduction to the aspects of cardiac physiology, particularly
emphasising on the main cell types within a heart and important structural and functional
properties at the cellular level. Furthermore, a thorough discussion about biomaterials and tech-
niques in tissue engineering is presented, highlighting the need to provide bio-realistic cell culture
systems as reliable in vitro models for cell therapy, pharmacological and disease studies.
2.2 Anatomy and electrophysiology of cardiac tissue
2.2.1 Structure and function of the heart
The heart is a muscular organ that projects into the left side of the thoracic cavity, posterior to
the sternum, and is suspended by its attachment to the great vessels within a fibrous sac known
as the pericardium. A small amount of fluid within the sac, the pericardial fluid, lubricates the
surface of the heart during contraction and relaxation. The heart is composed of four distinct
chambers; two atria (left and right) that are responsible for collecting blood and two ventricles (left
and right) that are responsible for pumping blood (fig. 2.1). The anatomy of the right heart pump
is substantially different from that of the left heart pump, however, the pumping principles of both
parts are primarily the same [1]. The cardiac valves passively open and close in response to the
direction of the pressure gradient across them, enabling a unidirectional flow of blood. As soon as
the ventricular pressure exceeds the pressure in the pulmonary artery (right) and/or aorta (left),
blood is pumped out of the corresponding ventricular chamber. This active contractile phase of the
cardiac cycle is known as systole. The pressures are higher in the ventricles than the atria during
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systole; hence the tricuspid and mitral (atrioventricular) valves are closed. When the ventricles
relax, the pressure falls below the atrial pressure, the atrioventricular valves open to refill the
ventricles, and this phase is known as diastole.
The pathway of blood flow through the chambers of the heart is indicated in fig. 2.1.
Oxygen-poor venous blood returns from the systemic organs to the right atrium via the superior
and inferior venae cavae. It next passes through the tricuspid valve into the right ventricle. Upon
contraction of the right ventricle, blood passes through the pulmonary valve and arteries to the
lungs. After passing through the pulmonary capillary beds, the oxygenated blood returns to the
left atrium via the pulmonary veins. The left atrium pumps the blood in the left ventricle through
the mitral valve. Contraction of the left ventricle sends the blood through the aortic valve into the
aorta and to all tissues in the body.
Figure 2.1: Overview of the heart - Cardiac anatomy and pathway of blood [2].
The effective pumping of blood requires a precise coordination of the myocardial contrac-
tions, which is accomplished via the conduction system of the heart. Contractions of each of the
millions of cells located in the heart are normally initiated when electrical excitatory impulses
(i.e. action potentials) propagate along their surface membranes via gap junctions. Initiation of
a heartbeat occurs from a specific area within the heart, called “the pacemaker”, which consists
of cells that are self-excitable. These cells generate action potentials that spread throughout the
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myocardium, causing the heart to contract as a single unit. In the healthy heart, the normal site
for initiation of a heartbeat is within the sinoatrial node, located in the right atrium.
2.2.2 Cell types in the heart
Normal myocardial tissue volume is occupied by 75% cardiac myocytes, nevertheless these cells
account for only 30-40% of the total cell number [3]. The majority of the remaining cells are
non-myocytes, predominantly fibroblasts and also other cell types such as endothelial and vascular
smooth muscle cells that represent comparatively small populations [4].
Myocytes
Myocytes are long and tubular (rod-shaped) cells that are responsible for generating contractile
force in the heart [5]. They develop from embryonic heart progenitor cells (myoblasts) to form
muscle cells in a process called myogenesis. The basic microstructures that compose a myocyte
consist of the plasma membrane (sarcolemma), the intracellular space known as the sacroplasm
(cytoplasm) and certain organelles, such as the sarcoplasmic reticulum (SR) and the sarcosome
(mitochondrion) (fig. 2.2(a)). There is a variety of ion channels across the sarcolemma, such
as Na+, K+ and Ca2+, and also ion pumps such as the Na+/Ca2+ exchange (NCX), which
facilitate ion transportation to and from the cell and take part in important cellular functions
such as firing action potentials and performing Ca2+ oscillation. Moreover, there are intercellular
communication channels (gap junctions) which directly connect the sarcoplasms of two adjacent
cells and enable electrical and metabolic coupling. These specialised channels are formed by proteins
called connexins, whose role among others is to regulate permeability and conductance of the gap
junctions.
The role of the SR is to store and pump Ca2+ every time the cell is electrically stimulated.
There is a protein attached at the SR - the ryanodine receptor (RyR2) - that forms a Ca2+ channel
and supplies ions from the SR to the sarcoplasm to enable contraction of the cell. Sarco/endoplas-
mic reticulum Ca2+-ATPase (SERCA) also resides in the SR and is responsible for transferring
Ca2+ from the sarcoplasm back to the SR at the expense of adenosine triphosphate (ATP) hydrol-
ysis during muscle relaxation. Phospholamban (PLN or PLB) is a key protein regulating cardiac
diastolic function. In the unphosphorylated state it acts as an inhibitor of SERCA, while inhibition
is retrieved upon phosphorylation.
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As in all cell types, cardiomyocytes contain a cellular scaffolding in their cytoplasm, the
cytoskeleton, which provides the cell with structure and shape, while it contributes to intracellular
transport of vesicles and organelles, cellular division and contractile movement. The cytoskeleton
of a cardiomyocyte mainly consists of two kinds of filaments; microfilaments and microtubules.
Microfilaments are the thinnest filaments of the cytoskeleton and are composed of linear polymers
of actin and myosin subunits. They generate force by elongation at one end of the filament coupled
with shrinkage at the other end. Thin and thick actin and myosin filaments respectively compose
the sarcomeres, which are the contractile units of the cardiomyocyte. Sarcomeres, in turn, are
organised in long chains within the myocyte, forming myofibrils. This architecture is distinguished
in cardiac myocytes as a dense granular cytoplasm with prominent cross striations (fig. 2.2(b)).
Microtubules are hollow cylinders comprising 13 protofilaments, which are polymers of alpha and
beta tubulin. Their major contribution is to maintain or alter the cellular morphology in response
to mechanical stimuli transmitted from the surrounding ECM, serving as a compression-resistant
medium [6]. In adult cardiomyocytes microtubules are centred around the perinuclear region and
then spread outwards filling most of the cytoplasmic space [7]. The presence of microtubules is
vital for normal cardiomyocyte contraction, however, high density of microtubule network has been
associated with reduced contractile function and cardiac hypertrophy [8].
Myocytes are grouped together into bundles called fascicles, which are then bound to form
muscle tissue. Myocytes in native myocardial tissue are organised into parallel cardiac muscle fibres
with intracellular contractile myofibrils oriented parallel to the long axis of each cell and specialised
junction complexes (intercalated disks) between adjacent cells located at the ends of each myocyte.
This highly oriented cytoarchitecture is responsible for the anisotropy of cardiac tissue, meaning
that tissue properties vary according to the direction of measurement. This elongated morphology
and spatial alignment of these cells enables the mechanical and electrical intercellular interaction,
i.e. the impulse initiation and propagation, which results in a unison contraction of the heart
and efficient pumping of blood. In contrast, cardiomyocytes harvested from biopsies and cultured
in vitro typically spread to form an unstructured layer with disorganised myofibrils and diffuse
intercellular junctions, bearing little similarity to normal myocardial morphology.
When dealing with cardiomyocytes with immature physiological properties in vitro, such
as NRVM, iPSC-CM or embryonic stem cells (ESC), there is a wide range of phenotypic features
that can be tested to determine cardiomyocyte identity and degree of maturation [9]; the ability to
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Figure 2.2: (a) Important characteristics defining cardiomyocyte identity: T tubule, trans-
verse tubule; RyR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; NCX,
Na+/Ca2+ exchange; PLN, phospholamban; GCaMP, a genetically encoded Ca2+ indicator [9]. (b)
Isolated human ventricular cardiac myocyte labelled green for α-actinin (FITC-conjugated secondary
antibody) and blue for nucleus (DAPI), bar 10 µm [10]. (c) Isolated human cardiac fibroblast labelled
green for vimentin and blue for nucleus (DAPI), bar 10 µm [11]. (d) Confocal micrograph of adult
rat heart showing the organisation of myocytes (labelled red with phalloidin) and fibroblasts (labelled
green with wheat germ agglutinin) in the heart. Nuclei of both cell types labelled blue with DAPI,
bar 30 µm [12].
fire action potentials and show Ca2+ oscillation, the ability to generate force, the ability to form
gap junctions and electrically couple with adjacent cardiomyocytes, the expression of certain genes
and/or the presence of cardiomyocyte-specific epigenetic marks (fig. 2.2(a)).
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Fibroblasts
Fibroblasts are morphologically flat, spindle-shaped cells of mesenchymal origin that produce in-
terstitial collagen and fibronectin to form the ECM [13]. Contrary to myocytes that form collagen
type IV as part of their plasma membrane, fibroblasts also produce type I, III and VI collagen.
These cells play an important role in preserving the electrical, chemical and mechanical response
of the heart. Direct interactions between fibroblasts and myocytes occurring via gap junctional
proteins facilitate the electrical conduction in the heart [14]. Moreover, they coordinate the various
signals between the cellular and acellular components and preserve the 3-D structure via secretion
of factors and direct cell-cell interactions [15, 16].
Fig. 2.2(c) demonstrates isolated human cardiac fibroblasts [11], while fig. 2.2(d) illustrates
the organisation of fibroblasts and myocytes in a healthy adult rat heart [12]. The cardiac fibrob-
lasts (green) lie within the ECM collagen in the extracellular space and are in contact with other
fibroblasts and myocytes (red), forming a mechanosensitive 3-D system.
2.2.3 Functional properties of heart cells
This section discusses important parameters of cardiac physiology that determine the viability and
functional levels of heart cells. Such source of cellular information is the intrinsic electrical activity
and the calcium ions (Ca2+) cycling of cardiomyocytes that defines their beating activity.
2.2.3.1 Action potential
Like in all living cells, the cardiac action potential is a representation of the changes in voltage
between the interior and exterior of a single cell over time. However, unlike unexcitable cells
where small perturbations of current through the membrane cause proportional changes in the
transmembrane potential (graded potentials), cardiac cells generate a signal of disproportionate
strength to the perturbation when a certain threshold is exceeded. This signal is called an action
potential and carries important information in electrically excitable cells.
A selectively permeable membrane in combination with complex transport mechanisms allow
the cell to maintain a negative electrical charge in the inside compared to the outside of the cell
membrane. At rest the potassium ions (K+) concentration is predominant inside the cell, whereas
outside the cell sodium (Na+) and cloride (Cl−) ions concentrations are larger. Equilibrium is
reached when the electrical and chemical forces generated by the extra- and intracellular ions are
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balanced, known as the resting potential. The fact that the membrane permeability is a function of
the membrane potential is attributed to the presence of voltage-gated channels across the membrane
that open and close according to the voltage across the membrane. Action potentials are generated
by the movement of ions through these transmembrane ion channels. The action potential of a
cardiac cell follows a consistent trajectory, which is classically divided into five phases; phase 4
is the resting phase, phase 0 is the depolarisation phase, and phases 1-3 are the repolarisation
phase. Fig. 2.3 indicates the phases of the cardiac action potential and the corresponding ion
concentrations.
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Figure 2.3: (a) Phases of the cardiac action potential. (b) Relative membrane permeability for the
three major ions involved [17].
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Phase 4
Resting transmembrane potential: At phase 4 the cell is not being stimulated and the transmem-
brane potential of the cardiac cell rests between -80 and -90 mV . This potential is determined
by the selective permeability of the cell membrane to various ions, which is strictly regulated by
various ion pumps and exchange mechanisms, such as an energy dependent (ATP-dependent) pump
system (Na+/K+ -ATPase) following a stoichiometric model of 3Na+out for every 2K+ inside the
cell. Because the membrane is mostly permeable to K+ ions and relatively impermeable to other
ions, the resting membrane potential is dominated by the K+ equilibrium potential.
However, for some cardiac cells at phase 4 there is a leakage of ions back and forth across
the cell membrane, which causes a gradual increase in the transmembrane potential. When this
potential reaches the threshold voltage, the appropriate channels are activated to cause depolari-
sation of the cell. This depolarisation in turn stimulates nearby cells to depolarise, facilitating the
propagation of the electrical impulse across the heart. This spontaneous depolarisation of the cells
is called automaticity and defines the heart rhythm. The cardiac cells that have the fastest phase
4 activity determine the heart rate and are called the pacemaker of the heart. Normally, these cells
are located at the sinoatrial node, however, in case the automaticity of the sinus node fails, there
are usually secondary pacemaker cells located at the atrioventricular junction to take over but at
a slower rate.
Phase 0
Rapid depolarisation: Phase 0 of the myocyte action potential occurs when the rapid Na+ channels
are stimulated to open, allowing the cell to be filled with sodium ions. This process causes a positive
change in the transmembrane potential and is reflected by the initial spike of the action potential,
as shown in fig. 2.3. The depolarisation of one cell triggers the Na+ channels in adjacent cells to
open as well, causing the electrical impulse to propagate cell by cell throughout the heart. The
speed of depolarisation of a certain cell is defined by the maximum slope of phase 0 and determines
how soon the next cell will depolarise. The interaction between the maximum slope of the initial
waveform and the time interval before the next cell depolarisation is referred as conduction velocity.
Therefore, by changing the slope of phase 0, the conduction velocity can be effectively changed.
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Phase 1
When the depolarisation phase completes, the cell begins to repolarise, i.e. to return to its original
resting state. During repolarisation (phases 1-3), the cell cannot respond to a new stimulus. Phase
1 occurs with the inactivation of the rapid Na+ channels. The transient net outward current
shown as the small downward deflection of the action potential is due to the outward movement of
potassium and chloride ions.
Phase 2
Phase 2 is the plateau stage where the rate of repolarisation is slowed by the influx of Ca2+ into the
cell. This phase is unique to cardiac cells (it is not seen in nerve cells) and aims to give duration to
the cardiac potential and sustain muscle contraction. The calcium ions enter the cell slower than
the Na+ ions, preventing the cell from repolarising too quickly. Meanwhile, potassium ions exit
the cell through the slow delayed rectifier K+ channels.
Phase 3
Rapid repolarisation: During this phase, the Ca2+ channels close, while the slow delayed rectifier
K+ channels are still open. This ensures a net outward current corresponding to a negative change
in the membrane potential, thus allowing more types of K+ channels to open, such as the rapid
delayed rectifier K+ channels and the inwardly rectifying K+ current (IK). As the cell continues to
lose positive charge through the outward movement of potassium ions, the membrane potential is
restored to about -80 to -85 mV and the delayed rectifier K+ channels close, while the IK remains
conductive throughout phase 4 to set the resting membrane potential.
At phases 0, 1 and 2 the cell is in an absolute refractory period, during which it cannot be
restimulated and hence produce another action potential. This is attributed to the Na+ channels
that are inactive during phases 1 and 2 and cannot be opened regardless of the membrane potential.
At phase 4 the cell is in a relative refractory period, during which a stronger than usual stimulus is
required to stimulate the cell. At this stage a sufficient number of Na+ channels have entered their
resting state, nevertheless, some K+ channels remain open to facilitate the membrane potential to
depolarise during the relative refractory period [18].
It should be also noted that the cells in different regions of the heart do not all have the
same action potential. Sinus node and atrioventricular node have slower action potentials due to
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the lack of rapid Na+ channels. Therefore, conduction velocity in these regions is controlled by
the Ca2+ channels [19].
2.2.3.2 Ca2+ cycling
Among the ions that are involved in the function of the heart, calcium is considered the most
important, because it enables the chambers of the heart to contract and relax, a process known
as excitation-contraction coupling. In particular, this process involves all the steps right from the
electrical excitation of the myocyte to the contraction of the myofilaments and, therefore, to the
efficient pumping of blood [20].
The Ca2+ cycling consists of two parts; the Ca2+ uptake and release phase. During the
cardiac action potential, there is an influx of Ca2+ into the cell through depolarisation-activated
Ca2+ channels (fig. 2.4). The Ca2+ entry to the sarcoplasm enables the ions to bind to the RyR.
The RyR then opens and more Ca2+, previously stored in the SR, are released in the sarcoplasm.
This process is known as the Ca2+-induced Ca2+-release (CICR) mechanism. The increased Ca2+
intracellular concentration allows Ca2+ to bind to the myofilament protein troponin C, which is
located at the actin filaments. This in turn triggers the binding of the myosin heads with actin
(tropomyosin), causing contraction of the myofilaments. For relaxation to occur, Ca2+ levels need
to decrease to allow the dissociation of Ca2+ from troponin C. For this reason, the Ca2+ exit the
sarcoplasm by four pathways: a) they are stored back at the SR through SERCA, b) they exit the
cell through sarcolemmal NCX, c) they exit the cell through sarcolemmal Ca2+-ATPase or d) they
are diffused in the mitochondria through mitochondrial Ca2+ uniport [21]. In the meantime, the
depolarisation-activated Ca2+ channels close due to binding of calmodulin to the carboxyl terminus
of the channels. During a complete Ca2+ cycle the amount of Ca2+ that is released from the cell
during relaxation must be the same as the amount of Ca2+ that initially entered the cell in order
to maintain a steady state [19–21].
There are two main ways to improve the strength of cardiac contraction: a) increasing the
amplitude or shortening the duration of the Ca2+ transient and b) altering the sensitivity of the
myofilaments to Ca2+. It has been reported that myofilament sensitivity to calcium ions can be
enhanced through dynamic stretching of the myofilaments, which eventually results in stronger
contraction [22]. The filament lattice compression improves the actin-myosin interaction, because
the heart attempts to adjust to altered diastolic filling through an autoregulatory mechanism [23].
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Figure 2.4: Ca2+ transport in ventricular myocytes. Inset shows the time course of an action
potential, Ca2+ transient and contraction measured in a rabbit ventricular myocyte. NCX, Na+/Ca2+
exchanger; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic reticulum [21].
Ca2+ transient
Ca2+ transients are recorded signals derived from fluorescent measurements of intracellular calcium
concentration [Ca2+] and are important markers determining the maturation of cardiac cells with
immature phenotype, such as neonatal myocytes or iPSC-CM [24]. Among several others, the
transients can be evaluated according to four main parameters, as shown in fig. 2.5:
• Baseline (f0): The pre-stimulation baseline value of the recorded signal. Occasionally, the
final baseline value of the recorded signal is considered as baseline to account for any photo-
bleaching effects (where the baseline tends to drift upwards with time).
• Peak (f): The maximum value of the transient signal.
• Normalised amplitude (f/f0): The peak divided by the baseline.
• Time to peak (Tp): The time at which peak occurs.
• Time to x% decay (Tx): The time relatively to Tp for the transient to return to x% of
the peak (f-f0) during the recovery phase of the transient.
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Figure 2.5: (a) Ca2+ cycling and (b) single Ca2+ transient at 1 Hz stimulation of NRVM indicating
important parameters.
2.3 Tissue engineering considerations
Tissue engineering is basically defined as a three-step process [25]; first, the cells of the desired
type are isolated from a biopsy of the animal or patient and amplified via standard cell culturing
techniques. After the required cell number is reached, the cells are seeded on a scaffold which aims
to give them a temporary structure. Finally, the biomaterial further enables cellular proliferation
and differentiation from progenitor cells to fully functional adult cells that are able to carry out
specific biochemical, structural and biological functions as organ-like units [26]. The biomaterial
must have favourable properties to encourage cell maturation, because cells outside their natural
environment tend to dedifferentiate [26]. The problem of dedifferentiation is a common problem
when cells are extracted from primary tissue and forced to grow on an artificial environment. For
example, NRVM lose their initial striated stucture and obtain a rounded morphology immediately
upon being plated onto culture dishes [27].
Therefore, there are two main requirements when developing cell scaffolds for tissue engi-
neering applications; first, a cell-friendly material that supports the cellular community without
interfering with the cells well-being and functional processes. Second, a technique to manipulate
this material in order to promote an in vivo-like cell morphology and physiology. An additional
third prerequisite when dealing with excitable cells, is the ability to integrate modalities to stimu-
late and monitor the electrochemical activity of the cells throughout the culturing process, enabling
a comprehensive interrogation of the cells electrophysiology and metabolism.
In the following sections, biomaterials and tissue engineering strategies to manipulate these
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materials for cell patterning applications are thoroughly discussed. Finally, the chapter highlights
the necessity of incorporating modalities for recording and stimulating cell populations.
2.3.1 Biomaterials in tissue engineering
Biomaterials in tissue engineering have played a pivotal role as a means to direct cellular behaviour
and function physically or chemically [28, 29]. Biomaterials for tissue scaffolding encompass a wide
range of materials that are of natural origin (e.g. collagen, alginate, chitosan, matrigel, fibrin and
hyaluronic acids) or synthetic origin (e.g. polymers, ceramics, bioglass and rarely metals) [30].
In general, biomaterials for tissue reconstruction applications must have the following properties
[31, 32]:
• Biocompatibility: The success of a biomaterial to act as a biomatrix is heavily dependent
on the response it elicits from the surrounding biological environment. The material must
not affect the tissue regeneration and remodelling process by being physiologically reactive
or toxic. For implantable tissue engineering applications the material should ideally degrade
along with the reconstruction of the newly formed tissue.
• Cell and protein attachment promoter: The biomaterial must have suitable surface chemistry
to support cell attachment, proliferation and differentiation. This is mainly reflected by its
ability to absorb adhesion-promoting proteins. These proteins are normally recognised by
cytoskeletally-associated receptors on the cell membrane [33]. Consequently, the cells attach
on the surface and often spread and flatten, as they attempt to integrate the extracellular
substrate with the intracellular cytoskeleton [34].
• Elasticity and flexibility: In general, elastic and flexible materials facilitate the modelling of
the dynamic mechanical environment of the cells in vivo. Particularly with cardiomyocytes,
elastic materials preserve the contractile properties of the cells, and can facilitate a more thor-
ough investigation of the role of the extracellular matrix stiffness in cellular function. Flexible
support substrates also facilitate the measurement of the cells contractile forces based on the
deformation or deflection of an elastic substrate or microstructure respectively. Quantifica-
tion of contractility is an important index to characterise the degree of maturation of cells
with an immature phenotype (NRVM, iPSC-CM, ESC, etc). Polydimethylsiloxane (PDMS)
has been widely used as a flexible support substrate for cardiomyocyte cultures because of the
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material’s low Young’s modulus (5 kPa-2.5 MPa) [35–37] that can be easily tuned to match
the stiffness of mammalian cells and tissue [35]. Free-standing micro-patterned PDMS thin
films (16-25 µm) were used as a means to engineer 2-D NRVM tissue and measure contrac-
tile strength [37]. Synchronous contraction upon field stimulation caused the cardiomyocytes
to shorten and bend the thin PDMS film during systole, while the substrate returned to
its original shape during diastole. The same research group reported later a method to ex-
trapolate straightforward correlations based on the aforementioned model between the film’s
curvature and the systolic stress generated by the engineered tissue [38]. Expansion of this
work delivered a heart-on-chip technology that is able to measure the contraction of eight
microengineered NRVM tissue parts simultaneously [39]. In this work, rectangular islands
of a thermally sensitive sacrificial layer - poly(N-isopropylacrylamide) (PIPAAm) - were cre-
ated on a glass substrate succeeded by a 18.6 µm-thick PDMS coating. Each PDMS island
was microstamped with fibronectin to induce the self-alignment of NRVM cultures. Subse-
quently, PIPAAm was dissolved at room temperature, leaving the PDMS films attached from
one edge but free to move upon diastole and systole on the other edge. Based on the film
length and radius of curvature, the contractility of the structured culture was quantified. In
another study, a bed of PDMS microneedles was used as substrate for bovine pulmonary
artery cells in order to translate the needles deformation into traction force based on the
Euler-Bernoulli beam theory [36]. Quantification of the pillars deflection was accomplished
optically by fluorescently staining the tips for fibronectin and visualising their displacement
under the microscope. As an extension of this work, PDMS microcantilevers were employed
as tips to anchor tissue and report forces generated by the cells [40].
For certain cell types such as cardiomyocytes, the use of stretchable materials as support
substrates enables the production of stretch-induced culture systems that showed to improve
the cells arrangement and maturation. NRVM and ESC cultured under uniaxial stretch
obtained a more elongated and aligned structure, demonstrating increased density and length
of myofilaments and higher contractile force and duration of contraction [41]. Similar findings
were demonstrated in [42], where a co-culture of iPSC-CM and human ESC was subjected to
uniaxial mechanical stress.
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2.3.2 Tissue engineering techniques in physiology understanding and disease
modelling
Bio-realistic cell cultures in two dimensions have been accomplished through patterning of cells.
Nonetheless, patterning of cells does not always result in bio-realistic cell cultures, unless it leads to
an in vitro model that is more representative of real tissue architecture and function. Patterning or
rather structuring is particularly meaningful for excitable cells of either cardiac or neuronal origin,
in order to model the interactions in cellular networks. In summary, manipulating the position of
the cells in vitro is important for two main reasons:
a) to reproduce the cellular interactions in situ, providing reliable cell models to study
disease mechanisms and drug toxicity pathways. For example, immature cardiomyocytes, such
as neonatal ventricular myocytes or iPSC-CM, have been suggested as in vitro models for disease
studies [43–46], however, their immature, heterogeneous phenotype is poorly representative of adult
myocardium [47–49]. Tissue engineering technology has been proposed as a means to mature
the phenotype of immature cardiomyocytes in vitro, with beneficial results in cell differentiation,
functionality and longevity [48];
b) to produce tissue in vitro for regenerative purposes, such as replacement of lost or damaged
tissue and/or improvement of its function. Since the adult myocardium has limited regenerative
capacity, cell therapy has been suggested as a possible solution to replace lost myocardial tissue
and improve the function of the remaining tissue. This revolutionary approach seems promising to
address the problem of shortage of donor organs and transplant rejection risks, which both render
transplantation unsustainable.
Lieberman et al. [50] pioneered patterned growth of cultured cardiomyocytes in grooves
cut in agar, producing linearly organised cell strands or spheroidal cell aggregates from dissociated
embryonic chick heart cells. Since then a number of significant research efforts based on chemical or
topographical patterning methodologies have been developed and presented below. The following
discussion is not restricted to strategies using cardiomyocytes only, but also refers to other cell
types, in order to give a broader overview of tissue engineering strategies for cell patterning.
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2.3.2.1 Surface treatment methodologies
Microcontact stamping/printing
Microcontact stamping/printing achieves the selective deposition of attachment factors such as
fibronectin, collagen or laminin on a substrate. A 3-D microstructured PDMS stamp fabricated
through mould casting on photoresist patterned silicon (Si) wafers, is covered with adhesion sub-
stances and subsequently sealed onto the target cell culture substrate to selectively deposit the
attachment factors. When the scaffold is removed, cell adhesive tracks are formed on the substrate
and comprise guidance for cells to grow. This patterning method was first provided by Singhvi
et al. in 1994 [51] to modulate the shape of hepatocytes, by creating laminin islands of different
sizes through a hexadecanethiol-coated PDMS stamp on a polyethylene glycol (PEG)-treated gold
(Au) substrate. Laminin coating resulted in absorption of the protein on top of the hexadecanethi-
olate regions only, which further promoted the adhesion of primary rat hepatocytes. By limiting
the degree of cell extension, cell growth and protein secretion were controlled. In particular, cells
cultured on the areas of the smallest size (40 × 40 µm) that fully restricted cell extension had an
increased secretion of albumin, a liver-specific product.
Microstamping of parallel (12 and 25 µm equally spaced) lines using fibronectin-coated
PDMS stamps was employed to study the electrophysiological properties of neonatal rat ventricular
myocytes with particular emphasis on conduction velocity [52]. The constructs induced anisotropic
cell growth and a greater longitudinal-to-transverse velocity ratio when compared to isotropic cell
culture systems. Similarly, laminin patterned polystyrene dishes (5-50 µm wide lines) were used
to study the morphology and structure of cultured NRVM depending on the dimension of the
patterned lines and intermediate space [53]. Myofibril alignment parallel to the long axis of the
cells was achieved in all cases. In vivo-like intercalated disks formed at bipolar cell-cell junctions
were only present among cardiomyocytes cultured on lane widths similar to adult cellular diameters
(i.e. 15-20 µm).
The reliability of the aforementioned technique is easily questioned, since the elastomeric
stamps are difficult to use reproducibly over large areas, compromising thus the topographical
control of the surface. Particularly, this method is challenging to integrate with biosensors such
as MEAs, where alignment with the sensing electrode array is critical. Moreover, the elastomeric
stamps transfer contaminants and degrade over time [54].
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Microfluidic patterning
Growing cells inside microfluidic channels allows the selective transfer of the ECM proteins and cells
to a substrate by applying the solution at the entry of the microchannel and performing suction at
the last end. Criss-cross patterning of co-cultures of NRVM and fibroblasts has been successfully
performed through microfluidic deposition of collagen [55]. In this work a microstructured PDMS
stamp was used and its microgrooves served as microfluidic channels through which collagen was
deposited on a flexible substrate. Myocytes patterned with this technique had an in vivo-like cell
morphology and spatial organisation.
Layer by layer microfluidic patterning of multiple cell types (fibroblasts, smooth muscle and
endothelial cells) enabled the formation of a 3-D structured co-culture [56]. In this approach appro-
priate biopolymer matrix compounds (collagen-1, collagen-chitosan, matrigel and fibrin) tailored
to the desired cell type were applied through a microchannels network. Subsequently, a new layer
with a different cell type was introduced to the microfluidic network to build a tissue with multiple
cell types in a 3-D configuration.
Hyaluronic acid was patterned on a glass substrate with the use of a microstructured PDMS
stamp, forcing cardiomyocytes to restrict on the glass substrate areas and align and elongate along
the pattern direction [57].
Microfluidic platforms comprising 10-20 µm wide PDMS perfusion chambers were also used
to isolate single cells for patch clamping to conduct on-chip high-throughput electrophysiology
of mammalian cells (chinese hamster ovarian cells) [58] and to manipulate dendrites’ growth to
investigate synapse-to-nucleus signalling in neurons/HEK293 co-cultures [59].
PDMS structures produced by mould casting on a SU-8 photoresist patterned Si wafer
were sealed onto standard glass coverslips to form a microfluidic culture platform that controls
the growth of central nervous system axons. The synapse microarrays compartmentalise neurites
and isolate axons from neuronal somata to examine expression of synapse-inducing transmembrane
proteins [60]. In this work, the platform consists of two main compartments which are connected
by parallel microchannels (325 µm long, 10 µm wide and 3 µm high). Neurites are initially
plated and cultured on compartment 1 and they then extend through the PDMS microchannels
into compartment 2, forming a dense network and allowing precise high-throughput fluorescent
screening of synaptic markers.
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Despite their broad utilisation in replicating the cellular interconnections and interactions,
the fabrication and cell culturing process of microfluidic devices are complex and often labour
intensive for the biologically oriented user [61]. Besides, their use in patterning multiple cell types
with different spatial configurations can be quite challenging [62, 63]. Furthermore, similarly to
microstamping methods these devices have limited integration capacity with biosensors due to
misalignment issues with the support substrate.
Lithographic patterning
In lithography ultraviolet (UV) light is transferred through a photomask onto a light-sensitive sub-
strate, creating a geometric pattern. In case a chemical photoresist layer is used on the support
substrate, a series of chemical treatments is then required to uncover the exposed pattern, allow-
ing further processing to selectively modify the substrate surface. Patterning methods involving
photolithography have the advantage of being compatible with standard industrial processes, also
facilitating maximum resolution and accuracy. In this section, several different approaches based
on lithographic techniques are discussed that create areas for local adhesion of cells and proteins.
Lithographic patterning and subsequent processing of Si or quartz substrates in order to
control the outgrowth of dissociated neurons in vitro was first reported in the late 80s [64]. In
this method, hydrophilic and hydrophobic substances were chemically bound to the surface layer
at areas predefined by a photoresist mask.
A simpler version of this approach was implemented through a single-step lithographic pat-
terning procedure on glass substrates [65]. The photoresist-coated areas prevented the adhesion of
neonatal myocytes, inducing their attachment and alignment along the axis of 65 and 100 µm-wide
glass channels. The cells were well-differentiated in terms of structure and electrophysiology, demon-
strating higher upstroke velocities in the structured cultures. However, the method was greatly
dependent on variations in the quality of the photoresist that resulted in a significant degree of
off-pattern adhesion. To overcome these issues, the same group later employed photolithography on
substrates covered with agar solution to pattern cardiomyocytes [66]. The polymerised photoresist
was patterned on the surface and resulted in the selective coating of collagen on the exposed agar
areas. After removal of the photoresist layer, cells grew on top of the collagen-coated agar areas.
Lithographic patterning of Parylene C on a silicon dioxide (SiO2) background was achieved
through conventional lithography and plasma etching. The Parylene stripes enabled absorption of
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horse serum proteins and provided attachment for neurons and glia [67].
A glass substrate coated with a hydrophobic polymer (2-methacryloyloxyethyl phosphoryl-
choline (MPC)) was selectively etched through conventional lithographic techniques and oxygen
plasma using a double mask consisting of a Parylene C and an aluminium film [68]. After ablation
of the exposed MPC areas with oxygen plasma, the protective Parylene C film was peeled-off leav-
ing a glass-MPC pattern. The glass areas promoted the absorption of fibronectin and subsequently
of endothelial cells and fibroblasts.
Photolithography has been also employed to solidify a photopolymerisable material with
light exposure. Development of the microstructure leaves a pattern on the surface. Photocrosslink-
able chitosan gel was used to coat glass and polystyrene substrates to pattern cardiomyocytes
through selective exposure to UV light [69]. Non-polymerised chitosan gel was removed through
repetitive phosphate buffer saline (PBS) washes to reveal the substrate underneath, whereas the
residual cross-linked gel that inhibits cell adhesion served as guidance to constrain cells within the
glass/polystyrene areas. However, since polymerised chitosan gel is biodegradable, chemical sensing
of the cell culture can be severely compromised, due to the fact that degradation of the gel will
result in diffusion of molecules in the proximal cell environment.
Other research efforts have focused on patterning cells on photocrosslinkable PEG hydrogels,
using PDMS stamps as soft masks [70–72]. Hydrogels are inherently cell repellent materials yet
capable of modification using silanes to create cell adhesive regions. PEG has been employed to
pattern cells in 3-D microstructures on a Si or glass base [70, 71] or by directly immobilising cells
within the hydrogel [72].
Photoactivation of a photopolymerisable material to fabricate scaffolds for cell structuring
was achieved through laser beam interference [73]. In this technique glass substrates were spin-
coated with a photopolymerisable material, and a microstructure in the region of light irradiation
was achieved with a periodicity of the order of the laser wavelength without any guiding mask. The
scaffolds promoted the adhesion of NRVM and induced their elongation, orientation and contraction
along the scaffold grating. According to this study, cells better attached on the hydrophobic pho-
topolymerisable material than on the hydrophilic glass areas. However, since NRVM do not adhere
to hydrophobic substrata without the use of attachment factors, this technique is questionable.
A combination of photolithographic procedures and the self-assembly of organic molecules
was employed in order to engineer one cell adhesive and one cell repulsive substrate [74]. This
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technique was demonstrated through the patterning of human foreskin fibroblasts using selec-
tive self-assembly of dodecyl phosphate (DDP) on titanium dioxide (TiO2), and poly(L-lysine)-g-
poly(ethylene glycol) (PLLg-PEG) copolymer onto negatively charged metal oxide surfaces such
as SiO2. Subsequent coating with proteins (streptavidin) resulted in protein absorption by the
DDP-coated areas only. Nonetheless, this methodology relies on the careful selection of the appro-
priate chemistry in order to assemble organic molecules in a two-step procedure without disrupting
previously assembled molecules.
Standard lithography using a PDMS soft mask and oxygen plasma was employed to alter
locally the inherent hydrophobicity of Parylene C-coated substrates [75]. The Parylene C layer was
then coated with a solution consisting of a low concentration of pluronic and fibronectin, which
were absorbed by the hydrophobic and hydrophilic Parylene C areas respectively. Consequently,
bone marrow mesenchymal stem cells attached on the fibronectin-coated areas only.
Masked UV irradiation of polymer substrata (polystyrene, polycarbonate, polymethyl-
methacrylate (PMMA)) was performed to selectively render the irradiated regions hydrophilic and
hence promote adhesion and proliferation of fibroblasts and hepatocytes [76]. However, a two-step
coating protocol (albumin and laminin) was necessary when this method was employed with other
cell types [77].
Surface electrowetting
In electrowetting the wetting properties of a hydrophobic surface are modified with an applied
electric field. Patterning of mouse myoblasts (C2C12) on a hydrophobic (Parylene C) dielectric
surface inside an microfluidic device was achieved through controlling electrosurface phenomena
with embedded microelectrodes [78]. In this method, Parylene’s surface was coated with a layer
of pluronic copolymers, then the selected microelectrodes are activated, and finally a spatially
uniform layer of fibronectin is perfused on the surface. Localised cell adhesion is based on the local
electrowetting-on-dielectric effect on the surface that is accomplished by tuning the voltage bias
on microelectrodes, which causes local modification of the hydrophobic properties of the dielectric.
As a consequence, the copolymers’ bonds with the hydrophilic Parylene collapse, enabling different
degrees of protein surface adsorption.
These electrically programmable assembly patterning techniques are categorised as a form of
dynamic cell patterning, meaning that the patterning layout can be instantly changed to a different
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configuration. However, the reversibility of the induced pattern and therefore the reusability of the
devices is limited to few times only. These techniques also require particularly high voltages (60 V )
to bias the desired microelectrodes to achieve adequate hydrophilicity of the dielectric substrate.
2.3.2.2 Topographical methodologies
The methodologies entitled in this category achieve cell structuring based on physical geometrical
constrains which force the cells to stay within predefined boundaries. Structured PDMS has been
used as micro-grooved scaffolds to promote structuring of NRVM [79] and iPSC-CM [48]. Cells
cultured on these scaffolds were more elongated and aligned with well organised sarcomeres. Struc-
tured NRVM demonstrated more mature gap junction protein (cx43) expression and anisotropic
conduction velocities [79], while iPSC-CM had Ca2+ transients with a significantly reduced time
to peak comparatively to cell cultures seeded on flat PDMS membranes [48]. Although PDMS
has been shown to be suitable for short-term culturing, its application in the long-term might be
compromised by its inherent hydrophobic nature. PDMS samples initially derived from polymeri-
sation and cross-linking present an external hydrophobic surface. In order to alter the chemistry
of the surface and functionalise the material to absorb ECM proteins, plasma oxidation is usually
employed to create free bonds on the material’s surface. Nonetheless, PDMS induced hydrophilic-
ity is short-term with a restoration percentage of 70% after 40 min [80]. In addition, integration
of monitoring modalities through metal deposition on PDMS with conventional microfabrication
techniques (e-beam evaporation or sputtering) can be very challenging. This is primarily attributed
to poor adhesion between PDMS and metal, which causes the deposited metal film to peel off easily
[81]. Second, the large mismatch in the thermal expansion properties between PDMS and metals
results in a large residual stress during conventional deposition. PDMS linear thermal expansion
coefficient (20·10−5 (oC)−1 [82]) is at least one order of magnitude higher than the corresponding
coefficient of most metals [83]. As a result, the PDMS film that thermally expanded during high
temperature metal deposition shrinks after it cools down and thus large compression stresses are
exerted on the PDMS-metal interface, which cause microcracks in the metal layer.
Microabrasion of polyvinyl chloride (PVC) substrates using lapping papers with silicon car-
bide (SiC4) crystal heads was also suggested as an effective and reusable technique to produce
uniformly anisotropic cultures with controlled degree of anisotropy and improve the conduction
velocity within the culture [52]. Despite the efficiency of this technique, spatial control over the
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microabraded surface cannot be achieved.
Microfabricated polymer stencils is another method to engineer the cellular microenviron-
ment by serving as selective physical barriers that are peeled-off after seeding. Due to its high
Young’s modulus, Parylene C has been widely used as a soft mask to pattern proteins [84] and cells
[85–87]. The stencils are fabricated through standard photolithographic techniques, while Parylene
is subsequently locally etched with oxygen plasma. To reinforce the protective Parylene C mask, an
aluminium thin layer is added on top of Parylene to serve as a hard mask [84–86]. Proteins and/or
cells are incubated on top of the stencil, and the stencil is finally peeled-off, leaving micro-patterned
areas with proteins/cells. This technique involves a very delicate procedure in order to remove the
Parylene stencil intact, which often results in partial destruction of the polymer membrane and
residual pieces on the supporting surface especially when very small features (<20 µm) are used.
Micromechanical control of co-cultures of rat hepatocytes and murine fibroblasts (3T3) was
achieved using two microfabricated silicon parts with comb fingers at the edges [88]. These struc-
tures were produced by lithographic patterning of a Si wafer and reactive ion etching. The struc-
tures were spin-coated with polystyrene and treated with oxygen plasma to provide a compatible
surface similar to standard cell culturing dishes. The position and relative distance of the comb fin-
gers were manipulated manually with µm-resolution in order to study cell-cell interactions through
signalling pathways. Micromechanical substrates require subsequent manipulations and changes
of the support substrate at each step which are complicated and labour intensive. Moreover, the
implementation of different pattern shapes is challenging.
Microstructures made of a thermoresponsive polymer (poly(N-isopropylacrylamide) (PNIP-
PAm)) that is able to change shape properties depending on the temperature, were fabricated
using soft lithographic techniques. These constructs were able to dynamically manipulate the spa-
tial organisation of human hepatoblastoma (HepG2) and human umbilical vein endothelial cells
(HUVECs) co-cultures [89]. The microstructures swelled upon incubation at 24oC, which first
enabled positioning the HepG2 cells. The temperature was then raised to 37oC, which caused the
microstructures to return to their original shape and surface area, before seeding the HUVECs,
facilitating the spatial patterning of multiple cell types. However, since temperature variations
particularly below 30-34oC might affect the morphology and physiology of the cultured cells, this
patterning technique could potentially interfere with the cells well-being.
Table 2.1 summarises the main cell patterning technologies.
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Table 2.1: Overview of cell patterning technology.
Ref. Year Substrate Technique Resolution Coating Cell line Duration
[50] 1972 Agar Grooves in agar 25 µm Collagen-1 Embryonic chick
heart cells
15 days
[64] 1988 Silanised quartz or
silicon
Photolithography 10 µm Polyamino acids Rat and mouse
neurons
30 days
[65] 1991 Photoresist/glass Photolithography 65 µm High serum medium
(10%)
NRVM 17 days
[51] 1994 PEG treated gold Microstamping with
PDMS stamp
15 µm Laminin Primary rat
hepatocytes
3 days
[87] 2000 Parylene C/Si Polymer stencil 2 µm Poly-l-lysine Rat leukaemia
cells, e-coli cells
2-3 days
[53] 2001 Polystyrene,
PLGA
Microstamping with
PDMS stamp
5 µm Laminin NRVM 4-5 days
[52] 2002 PVC Microabrasion 0.5 µm Fibronectin NRVM 5-7 days
[52] 2002 Glass Microstamping with
PDMS stamp
12 µm Fibronectin NRVM 5-7 days
[76] 2002 Polystyrene,
polycarbonate,
PMMA
Photolithography <10 µm Human serum L929 fibroblasts,
HepG2
hepatocytes
>2 days
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[74] 2002 DDP on TiO2
/PLLg-PEG on
SiO2
Selective molecular
assembly
5 µm Streptavidin Human foreskin
fibroblasts
14 days
[79] 2002 Microgrooved
PDMS
Mould casting on Si
master
10 µm Fibronectin NRVM 7 days
[66] 2003 Agar Photolithography 20 µm Collagen-4 NRVM 7 days
[71] 2004 PEG
hydrogel/glass
Photolithography 10 µm Fibronectin Murine
embryonic
fibroblasts
[56] 2004 Silanised glass Layer by layer
microfluidic patterning
350 µm Collagen-1,
collagen-chitosan,
matrigel, fibrin
Human smooth
muscle cells, lung
fibroblasts
5 days
[77] 2005 Polystyrene Photolithography 1 µm Albumin, laminin pheochromocytoma 16 days
[58] 2005 PDMS Microfluidic chambers 20 µm - Chinese hamster
ovary cells
[60] 2005 PDMS Microfluidic chambers 10 µm Polylysine/laminin Rat hippocampal
neuron/HEK293
9 days
[55] 2006 Glass Microfluidic PDMS
channels
30 µm Collagen-1 NRVM 4 days
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[88] 2006 Polystyrene Micromechanical
control
6 µm Collagen Murine
fibroblasts/rat
hepatocytes
2 weeks
[73] 2006 T/TMP1/glass Photoactivation 1 µm - NRVM 3 days
[69] 2006 Chitogel/glass Photolithography 68 µm - NRVM 8 days
[86] 2007 Parylene C/PDMS Polymer stencil 40 µm Fibronectin Murine ESC,
hepatocytes,
fibroblasts
>3 days
[57] 2007 Hyaluronic
acid/glass
Microfluidics 100 µm Fibronectin NRVM 3 days
[78] 2008 Parylene C Surface electrowetting 3 µm Pluronic/fibronectin Mouse myoblasts
(C2C12)
4-5 days
[85] 2009 Parylene C/Si Polymer stencil 100 nm Fibronectin Human
carcinoma cells
(OSCC3, DU145)
5 days
[67] 2009 Parylene C/SiO2 Photolithography 20 µm Horse serum Glial and
hippocampal
neuronal cells
7 days
1Trimethylene-carbonate-based oligomers with trimethylolpropane as an initiator, followed by acrylation at terminal ends
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[68] 2010 MPC
polymer/glass
Photolithography 1.5 µm Fibronectin Bovine
endothelial cells,
mouse fibroblasts
[75] 2010 Parylene C Soft photolithography 200 µm Pluronic/fibronectin Mesenchymal
stem cells
[59] 2010 PDMS Microgrooved PDMS 7.5 µm Poly-D-lysine Rat hippocampal
neuron
42 days
[89] 2012 Glass Dynamic PNIPPAm
microwells
200 µm - HepG2/HUVECs 3 days
[48] 2013 PDMS Microgrooved PDMS 10 µm Fibronectin iPSC-CM 2 weeks
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2.3.3 Integration of monitoring technologies
Incorporating monitoring features into the cell culture platform is important mainly for two reasons;
first, a multidimensional assessment of the continuously changing conditions within the cell culture
system is imperative to evaluate the viability and development process of the cell culture, and
also provide feedback for the optimisation of the cell model. Increased demand for providing this
knowledge led to the development of cell-based biosensors that utilise whole cells to perform direct
measurements of physiologic function and detect changes in biologically relevant analytes induced by
extra- or intracellular events. Contrary to the current state-of-the-art based on fluorescent dyes and
microscopy imaging, monitoring the cellular activity electrically using electrode structures ensures
reliable, long-term and minimally invasive monitoring and does not compromise the well-being and
lifetime of the cell culture. Chapter 3 thoroughly reviews cell-based biosensing technologies.
Secondly, electrical stimulation can realise structuring of cardiomyocytes and influence cell
maturation by reducing the excitation threshold of the cells and increasing the maximum pacing
frequency [90, 91]. It has been reported that when heart cells were electrically stimulated, they
became more elongated with aligned myofibrils and showed an increased contractile amplitude [91].
2.4 Summary
The unique anisotropic architecture of native cardiac tissue characterised by a structured parallel
configuration and interconnection of elongated cardiac myocytes and fibroblasts is responsible for
all vital functions of the heart, such as the action potential propagation and the Ca2+ cycling. In
order to be able to study fundamental mechanisms of the heart in vitro and deliver reliable drug
screening models for therapeutic applications, we need to produce cell cultures that have similar
structural and functional properties to in situ tissue.
Tissue engineering has been suggested as a possible means to manipulate cells in vitro.
Over the past 40 years several tissue engineering strategies have been employed, ranging from
topographical methodologies to surface treatment approaches. The aforementioned research efforts
have provided significant insight into the configuration of cell populations and improvement of their
physiology; however, they have certain limitations, such as labour intensiveness and complexity,
short-term lifetime or inability to integrate monitoring modalities. This Ph.D. aims to address
these issues by developing a technology for 2-D cell scaffolding and electrochemical monitoring.
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Chapter 3
State-of-art cell-based biosensors
3.1 Introduction
C
ELLS are highly evolved micro-organisms that are in a constant interaction with their micro-
environment and are extremely sensitive to changes induced by intra/- or extracellular
events. Therefore, cells can reveal important information about the health status and function
of the tissue.
Cell-based biosensors utilise living cells as sensing elements and detect biologically active
analytes. Two transduction stages are required for these measurements; the first stage involves the
primary transducer, i.e. the living cell that converts a specific stimulus into a cellular response.
The second stage entails a secondary transducer which is required to convert the cellular signal
into a detectable and analysable electronic signal. The secondary transduction depends on the
type of cellular signal to be monitored, which could be a variety of ions (H+, Na+, K+, Ca2+),
neurotransmitters or other metabolic products.
Although in the world of biology electrical activity can be interpreted as chemical activity
and vice versa (e.g. a change in Na+ and/or K+ concentration within a neuron signals the forma-
tion of an action potential across its membrane), the importance of monitoring chemical compounds
lies in the specificity of recordings. While electrical monitoring registers the electrical activity of
cells in a culture, chemical sensing records growth factors, nutrients and metabolites, cell concen-
tration and viability. Sensing the intra/ or extracellular electrical activity has been accomplished
in many ways; intracellular recording has been achieved optically with voltage-sensitive dyes and
fluorescent microscopy or with invasive glass micropipettes. Extracellular monitoring has been re-
alised with microelectrodes, which form a more stable and non-invasive recording interface in vitro.
On the other hand, measurement of ionic concentrations in a cell population can be achieved in
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many ways; optically through the use of fluorescent dyes and microscopy and electrically mainly
through ISFETs, ISE and nanowire nanosensors. The operation principle of electrochemical sensors
is based on the binding of the targeted analyte to an appropriately functionalised sensing electrode.
In some cases, the targeted molecule is already charged and introduces a voltage that is relative to
the analyte concentration. In other cases, binding of the analyte to the sensing electrode causes
the release of hydrogen ions (protonation) that are measured as current or voltage by the sensor.
Indirect sensing of hydrogen ions (H+) can result in sensing a wide range of biological analytes.
This chapter presents the current state-of-the-art in cell-based biosensors that record the
electrical and chemical activity of cell culture systems. Particular focus is given on current technol-
ogy in extracellular electrical monitoring, introducing the concept of planar microelectrode arrays
(pMEAs), their operating principles, materials and inherent characteristics. Since the current re-
search deals with cardiac myocytes, this chapter emphasises on technologies for action potentials
and Ca2+ flux detection, highlighting the need to develop less invasive and more long-term sensing
solutions.
3.2 Sensors based on action potential measurements
3.2.1 Microelectrode arrays
A method to record the true transmembrane potential based on the delicate manipulation of mi-
cropipette electrodes in order to patch clamp the cell membrane was introduced by Neher and
Sakmann in the late 70s [1]. Nonetheless, the labour intensity and invasiveness of this procedure
led scientists to measure action potentials extracellularly with microelectrodes.
pMEAs utilise the spontaneous action potential activity of cultured cells (primary trans-
duction) and transform it to an electrical signal (secondary transduction). pMEAs are devices
produced with conventional semiconductor fabrication techniques that are linked to a recording/
stimulation system, enabling long-term spatiotemporal monitoring of the electrophysiology of 2-D
cell cultures. They consist of a support substrate, commonly glass or a polymer, which embeds the
electrodes, tracks and contact pads. A thin insulating layer of an inert material is deposited on
top of the array to isolate the area and serve as the cell culture substrate. Selective etching of this
material on top of the electrodes exposes the recording sites and allows the electrical measurements
to take place (fig. 3.1).
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Figure 3.1: (a) Commercially available pMEAs: (from top to bottom) TiN/glass (MCS), Au/Kapton
(MCS) and Pt/Acrylate resin (Alpha MED scientific). (b) NRVM cultured on pMEAs, bar 200 µm. (c)
Culture activity recorded over 60 channels with the commercial recording MCS software (horizontal
bar: 1 s; vertical bar 450 µV ).
The development of the first planar MEA that successfully performed recordings of a pop-
ulation of chick myocardiac cells was performed by Thomas and colleagues in 1972 [2]. Since then
significant research followed using microelectrodes to non-invasively monitor and/or stimulate a
variety of cell culture systems; neuronal tissue [3] and dissociated neurons [4, 5], cardiac myocytes
[6, 7] and more recently cardiac myocytes and neurons derived from stem cells [8, 9].
pMEA technology has been well-established and commercialised for 20 years now. Multi-
channel Systems GmbH (MCS, Reutilingen, Germany) has been the major distributor in Europe
since 1996 [10, 11]. Other commercially available systems such as Alpha MED Scientific Inc.
(Tokyo, Japan), Qwane Biosciences SA (Lausanne, Switzerland) and Plexon Inc. (Dallas, TX)
have also been widely used for recording 2-D cell culture systems.
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As previously mentioned, one major limitation of the current state-of-the-art in pMEAs is
the fact that they only support unstructured cell cultures, which fail to reconstitute the special ar-
rangement and function of in situ tissue. Recently, some research efforts have engaged extracellular
microelectrode arrays together with tissue engineering strategies to monitor the electrical activity
of bio-realistic cell systems. Poly-D-lysine microstamped commercial pMEAs have been employed
to investigate the interactions of a geometrically defined hippocampal neuronal network [12]. A
commercial pMEA coated with PEG silanes that were selectively removed by laser ablation, was
employed to record the effect of drugs on the conduction velocity of NRVM aligned in specific path-
ways [13]. Microcontact printing of fibronectin on commercial MEAs achieved guided excitation
of cardiomyocytes in NRVM stripes [14]. However, this method suffers from a short-term pattern
stability.
3.2.2 Operating principles
The function of a microelectrode is to detect the electrical activity generated by its proximal living
cell by converting energy in the form of ionic carriers to the form of electronic carriers (electrons).
The extracellular fluid acts as an electrolyte, i.e. a medium through which charge is carried by
the movement of ions. When an electrode is immersed in the cell medium, exchange of electrons
between the metal surfaces and buffer electrolyte take place at the electrode-electrolyte interface,
resulting in the formation of a space charge layer. Eventually, an electrochemical equilibrium is
reached, where the reduction and oxidation processes taking place at the metal-electrolyte interface
counteract each other. At this point, there is no net current flowing to and from the electrode and
an electrical potential forms across the interface. A double layer capacitance is formed at the
metal-electrolyte interface, which is described by the following equation under the hypothesis of
low electrolyte concentration [15]:
Cdl,0 = 0 · r,S ·A/LD (3.1)
In equation 3.1, 0 is the vacuum permittivity, r,S is the electrolyte’s relative permittivity,
LD is the Debye length for the electrolyte at given concentration, and A=pi·re2 is the electrode
surface area (assuming circular electrodes) with re being the electrode’s radius.
Various models have been proposed to quantitatively describe a microelectrode model [16].
A simplified relevant model is presented in fig. 3.2, where Cw accounts for the capacitance due to
3.2 Sensors based on action potential measurements 67
the diffusion of ions and Rw is the charge transfer resistance, which is related to electrons exchange
between metal surfaces and electrolyte [17]. This resistance can be expressed as a function of
the thermal voltage Vt, the ions valence number z and the exchange current density Rw=Vt/z·J0
[18]. Rsp represents the geometric spread resistance of the electrolyte solution, because the current
spreads in the solution from the recording electrode to the distant ground electrode. The spread
resistance depends on the electrode geometry and the distance of the cell from the electrode surface,
and is theoretically expressed asRs= (4σs·re)−1 [19], where σs is the electrolyte electric conductivity
and re is the radius of the circular electrode.
Figure 3.2: Circuit model approximation of the electrode-electrolyte interface.
It should be noted that the action potential that is recorded extracellularly does not resemble
the intracellular or transmembrane action potential measured invasively with electrodes inserted
directly through the cell membrane. This is because extracellular electrodes measure potentials
that are created by ionic currents produced by cells as these currents flow through the resistive
cell medium (fig. 3.3). These potentials are measured relatively to a distant reference potential,
which corresponds to a grounded electrode. The relationship between intracellular and extracellular
action potential has been previously studied for cardiac tissue [20, 21], where it was suggested that
the extracellular potential is related to the second derivative of the intracellular potential (assuming
propagation with constant conduction velocity).
3.2.3 Microelectrode characterisation
Electrode impedance
One of the characteristics of an electrode is impedance. Impedance is a function of the geometry
(area) and the material of the microelectrode, it is nonlinear and frequency dependent to current
density and interface voltage. The equation that describes impedance is mathematically derived
from the microelectrode model presented in fig. 3.2:
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Figure 3.3: Illustration showing the cell-electrode interface. The ionic current (Iextra) generated by
the cells flows through the resistive cell medium (Rmedium). Local potentials (Vextra) can be measured
relative to a distant reference electrode.
Z = Re(Z) + Im(Z) = Rsp +
Rw
1 +Rw
2 · ω2 · Cw2
− j Rw
2 · ω · Cw
1 +Rw
2 · ω2 · Cw2
(3.2)
In equation 3.2, ω is the angular frequency of the alternating current (AC) voltage applied
across the electrode-cell interface.
The most common methods for measuring impedance are impedance spectroscopy and cyclic
voltammetry. In electrochemical impedance spectroscopy (EIS), impedance and phase angle are
measured after the electrode is excited by a sinusoidal voltage or current signal within the frequency
interval 1-105 Hz. In cyclic voltammetry a ramping potential is applied between the working elec-
trode and a reference electrode, and the current between the two electrodes is measured relatively
to the applied voltage.
Noise
The primary source of noise in a MEA is intrinsic, since it is due to the electrode characteristics and
particularly it is attributed to the electrode-electrolyte interface. Noise produced at the electrode-
electrolyte interface has been experimentally shown to be of thermal origin [22] and was attributed
to the random motion of charge carried through the microelectrode. This noise is calculated as the
Johnson noise of a resistance, which is equivalent to the real part of the electrode impedance.
VN =
√
4 · k · T ·Re(Z) ·∆f (3.3)
In equation 3.3, VN is the total noise voltage, k is the Boltzmann constant (1.83·10−23
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J ·K−1, T is the absolute temperature, Re(Z) is the real part of the electrode impedance and ∆f
is the measurement bandwidth. For a fixed bandwidth and temperature the electrode noise can
only be reduced by reducing the electrode impedance. This can be accomplished by increasing the
effective surface area of the electrode. Since the geometrical size of an electrode is restricted in
terms of spatial resolution in a MEA, impedance can be effectively decreased by increasing surface
roughness.
Other extrinsic sources of noise might stem from movement artefacts generated by cardiomy-
ocytes during their beating activity and interference from power or magnetic generation sources.
3.2.4 Microelectrode array materials
Typical MEAs for in vitro applications have 60-64 microelectrodes arranged in a 8 × 8 layout grid.
Other special layouts are also available according to particular requirements. The substrate and the
recording area material differ and are application-specific. Standard MEAs with a glass substrate
and round titanium nitride (TiN) (MCS) or square platinum (Pt) (MED64) electrodes can be
employed for all applications (fig. 3.1(a) top and bottom). TiN is a material with the advantage of
having a larger surface area for a given geometrical size, and thus enables the fabrication of small-
sized electrodes with low impedance and noise levels. For high-resolution imaging, indium tin oxide
(ITO) is used instead of TiN to form the electrode tracks and pads because of its transparency
(MCS). The electrodes are embedded in a very thin glass substrate (0.18 mm) on a ceramic carrier.
The thin glass enables the use of oil immersion objectives that have a high numerical aperture
[23]. Cost efficient and robust solutions that can be used for cardiomyocyte cultures, large slices or
whole-heart preparations incorporate gold round electrodes on a glass or polyimide (printed circuit
board (PCB)-based) platform (MCS) (fig. 3.1(a) middle). In all implementations, the electrode
tracks are insulated by a thin dielectric material. Table 3.1 summarises the characteristics of the
most commonly used commercial MEAs.
3.3 Sensors based on impedance measurements
The operational principle of impedance-based biosensors is the detection of changes in electrode
impedance due to adherent cells. By culturing cells over planar electrodes, impedance measure-
ments can reveal important information about cell adhesion (cell proximity), proliferation and
motility. Upon application of a low frequency (<100 kHz) - low strength (<6 mV /mm) electric
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Table 3.1: Inherent characteristics of commercially available 2-D MEAs.
Supplier No. of
electrodes
Electrode
material
Substrate
material
Insulation
material
Dimensions Impedance
(at 1 kHz)
MCS 60 TiN Glass SixNy 10 µm
30 µm
250-400 kΩ
30-50 kΩ
MCS 59
+reference
electrode
Au Polyimide
(Kapton)
Polyimide
(Kapton)
100 µm 30 kΩ
MCS 59
+reference
electrode
Au Glass SU-8
epoxy
100 µm 30 kΩ
MED64 64 ITO/
Pt-black
Glass Acrylate
resin
50 × 50 µm
20 × 20 µm
<22 kΩ
40 kΩ
Qwane
Biosciences
60 Pt Glass SU-8
epoxy
30 µm
40 µm
800-1000 kΩ
500-700 kΩ
Qwane
Biosciences
60 Au Glass SU-8
epoxy
30 µm
40 µm
1000-1300 kΩ
700-900 kΩ
field, cells living in an electrically conductive ionic solution behave as insulating structures [24].
While their plasma membranes are already charged negatively, positive ionic clouds surround the
cell (fig. 3.4). The electric field polarises the ionic cloud, turning cells into dipoles. A coupling
capacitance is, therefore, developed between the cells and the passivation layer, the magnitude of
which corresponds to a certain health or adhesion degree. Healthy cells have well formed plasma
membranes and thus form stronger electric dipoles than dead or unhealthy cells with compromised
membranes. Therefore, the measured capacitance is higher for healthy cells. Besides, healthy cells
adhere more tightly to a surface in contrast with unhealthy or dead cells, hence the capacitive
coupling is stronger in the former. Changes in motility and proliferation after exposure to partic-
ular agents were studied in [25] using an impedance-based biosensor. Cell growth and associated
changes were investigated through impedance measurements with the use of an interdigitated elec-
trode structure [26]. A complementary metal oxide semiconductor (CMOS) capacitance sensor has
been developed to measure cell adhesion as an index of cell viability and health status [27, 28]. A
combination of sensing and actuation in a lab-on-chip implementation was presented in [29], where
the position of cells within a chamber was manipulated through dielectrophoresis and impedance
measurements were performed to extrapolate the concentration of cells.
The aforementioned approaches have two major disadvantages; first, there is an ambiguity
about whether the measured impedance is representative of the actual membrane impedance and
does not account for other phenomena, such as movement of the cells. And second, morphological
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Figure 3.4: Overview of cell impedance sensor. Ccell is the cell layer capacitance, Cpas is the
passivation layer capacitance and Cint is the interfacial capacitance according to Gouy-Chapman-Stern
theory [30].
changes, proliferation and/or growth might take several hours to be detected using these methods.
3.4 Sensors based on optical assays
Fluorescence has been extensively employed in intracellular activity studies by labelling specific
compartments within a cell and using optical assays to investigate changes in cellular function.
Fluorescence can be either a one stage-process using fluorescent dyes, for example voltage-sensitive
dyes to monitor intracellular electrical activity [31] and cytosolic Ca2+ indicators to measure flux
of Ca2+ in culture [32], or a two stage process where a primary antibody first attaches to the target
of interest and then a secondary fluorescent antibody binds on the primary and allows visualisation
under the microscope. Optode-based fluorescent sensors - the optical equivalent of ion selective
electrodes - have been previously employed to record the influx of Na+ [33] and eﬄux of K+ [34]
in cardiomyocytes that are related with arrhythmias and cardiac dysfunction. Furthermore, pH
probes and indicators based on fluorescent molecules have been widely used to measure intracellular
H+ concentrations over the past 30 years [35–37].
Fluorescence enables monitoring of true intracellular activity, nonetheless, fluorescent probes
are toxic to the cells, which significantly limits the lifetime of the culture. Moreover, they usually
suffer from changes in terms of emission spectra variation and fluorescent intensity (known as
photobleaching) [38].
Not all optical assays require the use of fluorescent dyes. Optogenetic techniques have re-
cently been developed to stimulate and record neurons that have been genetically sensitised to
light. These cells have been engineered to express photoreceptor proteins, which undergo confor-
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mational rearrangements upon light absorption [39]. Optical mapping of distinct agents has been
performed using a biosensor based on the optical monitoring of chromatophores from fish scales
[40]. In response to exposure to various chemical agents the chromatophores change colour and
specific compartments can be detected and analysed through digital image analysis.
3.5 Sensors based on electrochemical measurements
Every living cell within a culture is a small factory that produces a variety of analytes in order to
communicate and interact with its surroundings. Cell signalling is a complex process that takes
place between the cells and entails important information about the status and function of a cell.
Communication between two cells is achieved in two ways depending on their in-between distance:
a) endocrine (hormonal) when the target cell is located far from the origin cell, and b) paracrine
(synaptic) when the target cell is near the signal-releasing cell. In the former, signals travel through
the blood stream. In the latter, signals are transmitted between adjacent cells in the form of ligands
that attach to the target cell’s receptors and initiate the release of ions or other molecules to the
ECM. There are three different types of receptors on the cell membrane which are involved in
the paracrine signalling: a) the ion channel-linked receptor which binds ligands directly, resulting
in the release of ions to the ECM. b) The G protein-linked receptors where attachment of the
ligand to the receptor activates the cytoplasmic G-protein which either activates cyclic adenosine
monophosphate (AMP) or causes the release of Ca2+ in the cytoplasm. In this case, Ca2+ is
the second messenger. c) Finally, the enzyme-linked receptors which have catalytic domains that
become active when an appropriate ligand binds.
The extracellular medium is a valuable information source for the physiochemical environ-
ment of the culture at different growth stages. A plethora of analytes consumed or produced as
waste by a cell can be detected, such as H+, Na+, K+, Ca2+, ammonia (NH3), neurotransmit-
ters (dopamine, adrenaline, acetylcholine (Ach), glutamate), glucose, lactate, urea, creatinine and
many more. Consequently, the idea of functionalising an electrode surface to capture the target
analyte and extract straightforward correlations between the generated current or voltage and the
analyte concentration became particularly appealing. The idea behind the implementation of elec-
trochemical sensors was to overcome the drawbacks of fluorescence-based optical assays, since they
are well suited for real-time, non-invasive monitoring with high sensitivity and selectivity, rapid
response time and relatively low cost. Below, state-of-art sensing technologies are reviewed with
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particular emphasis on detectors of pH and Ca2+. Table 3.2 provides a summary of the main
sensing technologies based on electrochemical measurements.
3.5.1 Monitoring of pH
Initially, research efforts have focused on pH extracellular monitoring, because cell metabolism
activity is associated with acidification of the extracellular medium [41]. ISFETs initially appeared
in 1970 on a custom technology [42] and introduced an evolution in chemical micro-sensors for
effective pH monitoring. An ISFET is practically a metal oxide semiconductor FET (MOSFET)
without gate metallisation, and hence their operational principles are identical [43]. Depending
on the available ionic resources, the binding of H+ to the passivation layer surface above the
gate area forms a capacitive coupling with a silver/silver chloride (Ag/AgCl) reference electrode.
This in turn changes the threshold voltage and leads to a corresponding drain voltage, facilitating
straightforward correlations between H+ concentration and output voltage. The demand to enable
the integration of sensors at large scales with significant benefits in cost and power requirements
led to the realisation of CMOS-based ISFETs [44]. Ever since, several implementations based on
ISFET technology have been accomplished to monitor H+ concentrations in cell culture systems.
A CMOS realisation of a 16 × 16 sensing array chip combined with microfluidic chambers was
presented in [45] for spatiotemporal high-resolution recording of the extracellular H+ activity.
Recently, H+ detection with discrete MOSFETs as the active transducers mounted on a
universal instrumentation board was demonstrated in [46, 47]. In this work, a disposable front-end
platform with passive electrodes covered with an insulating membrane (silicon nitride (SixNy) or
TiO2 served as the extended-gate pads. The sensing sites electrostatically coupled the ions in the
electrolyte, transducing the availing chemical potentials that were then remotely conveyed through
a connector to the active read-out circuitry.
Another study employed miniaturised versions of ISFETs - nanoFETs - using silicon
nanowires (SiNWs) as the gate material which was appropriately modified with a H+ sensitive
membrane to enable straightforward correlations between conductance and H+ concentration [48].
Complex cellular assays for simultaneous detection of pH, oxygen consumption and mor-
phological changes based on potentiometric (ISFET-based), amperometric and impedimetric mea-
surements were achieved using a lab-on-chip implementation [49]. More complex chemical sensing
platforms integrating four extended-gate ISFETs to sense pH, K+ and penicillin in conjunction
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with temperature, flow velocity and direction, liquid level and diffusion coefficient was presented
in [50].
3.5.2 Monitoring of Na+ and K+ concentrations
Other ionic concentrations, such as Na+ and K+, can be recorded to detect the depolarisation and
repolarisation respectively of the plasma membrane. K+ detection has been primarily achieved
using ISFETs with their gate insulating membrane modified with PVC [50, 51] or photocurable
polymer membranes [52]. Detection of K+ was also performed by a multisensor silicon needle with
integrated ISFETs on a CMOS-based technology using a differential ISFET - REFET (reference
field effect transistor) topology [53].
3.5.3 Monitoring of Ca2+ concentrations
Ca2+ is an important analyte tightly connected with the contractility of cardiac cells and is also
an indicator of cell death, protein secretion and cell development. Chemically modified ISFETs
through deposition of ion recognition membranes, such as PVC [51], photocurable polysiloxanes
[52] or Ca2+ ionophored polyhydroxylethylmethacrylates (polyHEMA) [54], on top of the gate
area modified the selectivity of the device to Ca2+. Single ion selective electrodes modified with
photocurable polyurethanes achieved reproducible and stable measurements of Ca2+ concentrations
[55]. Detection of Ca2+ through functionalisation of a silicon nanowire gate with calmodulin was
implemented using nanoFETs [48]. Binding of the ions to the nanowire surface caused depletion
or accumulation of carriers, creating conductance changes across the sensor. In another study,
functionalised zinc oxide (ZnO) nanorods grown on a silver wire served as the extended gate pad
for Ca2+ sensing using commercial MOSFETs [56].
3.5.4 Monitoring of other metabolic compounds
Numerous research efforts have accomplished detection of a large variety of biomolecules that
are related to the cell metabolism. Glucose, lactate and glutamate are important products of
the cellular metabolism and have been monitored as growth indicators [57]. Carbon nanotubes-
based biosensors were previously employed to detect glucose, lactate and glutamate through current
measurements in culture medium collected from neuroblastoma cells [58]. In this work, five working
electrodes appropriately functionalised with enzymes reacted with the targeting molecules and
produced hydrogen peroxide (H2O2), which is electrolysed by the application of a direct current
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(DC) potential. Functionalised ZnO nanorods that hydrolise glucose were also employed for the
effective detection of glucose using commercial MOSFETs [59].
Ammonia is the by-product of glutamine metabolism and at high levels it inhibits cell growth
and proliferation, while at extreme levels it can cause cell death [60]. Ammonia has been detected
using ISE and a carboxylated PVC (PVC-COOH) functionalised membrane [61]. Carbon nanotubes
based on the electron-donating electron-withdrawing principle have also been exploited to detect
changes in the electrical resistance of nanotubes and extract correlations between resistance and
gaseous ammonia concentrations [62].
Enzyme-based ISFETs having their gate appropriately modified to capture specific ligands
were used to detect neurotransmitters in neuronal cultures such as acetylcholine [63] and adrenaline
[64], urea-creatinine ratio [65], and penicillin [50]. Multichannel neural microelectrode arrays coated
with an ion-sensitive membrane (Naflon) have been employed as in vivo dopamine chemical sensors
based on protonation current measurements through cyclic voltammetry [66]. In another study,
a passive sensing array in a CMOS package consisting of a configuration of a Pt and Ag/AgCl
electrodes was used to detect very low dopamine concentrations in human neuron cultures through
voltammetry based on the oxidation current [67].
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Table 3.2: Summary of main biosensing technologies based on electrochemical measurements.
Ref. Analyte Technology Functional
material
Sensitivity Response
time
Detection
limit
Lifetime Limitations
[45] H+ ISFET Si3N4 46 mV/pH Cells detach >72 h
[46] H+ MOSFET SixNy 36.5 mV/pH <2 s
[47] H+ MOSFET TiO2 22 mV/pH
[49] H+ ISFET SixNy 40-50
mV/pH
4 days Limited lifetime
[50] H+ ISFET Ta2O5/PVC/
plasticiser
55-58
mV/pH
Properties
dependent on Ta
oxidation
[48] H+ SiNW
FETs
APTES 100 nS/pH
[50] K+ ISFET PVC/ plasticiser 75
mV /decade
5-10 s 5 µM Long response time,
unstable
[51] K+ ISFET PVC/ plasticiser 59-60
mV /decade
1 s Poor reproducibility
[52] K+ ISFET photocurable
polysiloxanes
54-55
mV /decade
Unstable
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[53] K+ ISFET PVC 50
mV /decade
<1 s 20 µM
[48] Ca2+ SiNW
FETs
calmodulin 25 µM
[51] Ca2+ ISFET PVC 59
mV /decade
1 s 0.01 M 3 weeks
[52] Ca2+ ISFET photocurable
polysiloxanes
58-59
mV /pCa
10 µM >2 months Interference ions
Na+, K+, Mg2+
[55] Ca2+ ISE photocurable
polyurethanes
29.8
mV /pCa
>15 min 10 µM Interference ions
Na+
[54] Ca2+ ISFET photocurable
polyHEMA
22.72
mV /decade
>200 days
[56] Ca2+ MOSFET ZnO nanorods
PVC/ plasticiser
114 nA/µM 1 µM Interference ions
Na+, K+, Mg2+
[50] penicillin ISFET penicillase 120 mV /µM 0.5-3 min 5 µM >1 year Long response time,
unstable
[59] glucose MOSFET ZnO nanorods
PVC/ plasticiser
11 nA/µM <0.5 s 1 µM Response dependent
on ZnO growth
[58] glucose carbon
nanotubes
glucose oxidase 55.5 µA/
µM ·cm−2
2 µM
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[58] lactate carbon
nanotubes
lactate oxidase 25 µA/µM
·cm−2
11 µM
[58] glutamate carbon
nanotubes
glutamate
oxidase
0.9 µA/µM
·cm−2
400 µM
[62] NH3 carbon
nanotubes
SiW nanotubes 10-100 ppm 2-10 min 0.1%
[61] NH4
+ ISE PEG doped
PVC-COOH
32.4
mV /decade
7 days Interference ions
Na+, K+
[63] Ach ISFET AchE1 10 µM 0.5 s 1 µM
[67] dopamine microelectrodes Pt 0.23 nA/µM 100 nM 75 days
[66] dopamine ISE naflon 2 pA/µM 10 µM
[64] adrenaline ISFET PEI2/Au
nanoparticles
70
mV /decade
5 min 1 µM >100 cycles
[65] urea ISFET urease 2 mV /µM 2.5 mM Low sensitivity, high
drift
[65] creatinine ISFET creatinine
deiminase
4 mV /µM 44 µM Low sensitivity, high
drift
1Acetylcholinesterase
2Polyethylenimine
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3.6 Summary
In chapter 2, the main parameters that characterise the performance of the bio-system studied in
this work were identified. This chapter reviewed the current state-of-the-art in biosensing technolo-
gies that enable the measurement of the aforementioned parameters. Particular emphasis was given
on the recording methodologies for monitoring the extracellular electrical activity, as well as H+ and
Ca2+ concentrations. Recording of extracellular action potentials has been well-established over
the past 30 years through state-of-the-art being planar multielectrode arrays. On the other hand,
chemical monitoring has been accomplished optically through microscopy and the use of fluorescent
dyes, and electrically through ISFETs, single ion selective electrodes and nanowire nanosensors.
While optical assays are able to record true intracellular activity, they require bulky and expensive
equipment, complex sample preparations and they introduce toxicity to the cell culture. Employ-
ing electrochemical sensors is a reliable, rapid and relatively cost-efficient solution to achieve high
sensitivity and selectivity for extracellular activity recordings.
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Chapter 4
Parylene C thin films as 2-D cell
culturing scaffolds
4.1 Introduction
T
HE success of any synthetic biology application highly depends on the proper selection of
biomaterials. Biocompatible materials preserve the viability and proliferation of the cul-
tured cell population. Mechanically and thermally robust materials ensure compatibility with
standard microfabrication techniques. Flexible and elastic materials reconstitute the dynamic
micro-mechanical environment of in situ tissue, while they also enable the application of mechanical
stimuli to implement stretch-induced maturation systems.
In this project Parylene C is employed as a cell culture substrate due to the material’s high
biocompatibility and excellent mechanical and thermal properties that enable its usage effortlessly.
Despite the aforementioned advantages, the inherent hydrophobicity of Parylene’s surface inhibits
cell adhesion, but this can be effectively altered using oxygen plasma. Section 4.2 introduces the
material and provides a brief background on its properties and applications. In section 4.3 the sur-
face modification of Parylene C thin films is examined under various oxygen (O2) plasma treatment
conditions, such as power and exposure time. Hydrophilicity is quantified through static contact
angle measurements, while correlations between process parameters, film thickness, restoration of
hydrophobicity and etching rates are experimentally established. Selective hydrophilic modification
of Parylene C films is also demonstrated, facilitating distinct hydrophilic and hydrophobic areas
with µm-resolution that are subsequently exploited in self-alignment applications of proteins and
cells. In section 4.4 the micro-engineered constructs are evaluated as cell culture scaffolds for rat
ventricular fibroblasts and neonatal myocytes, towards modelling the unique anisotropic arrange-
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ment of native cardiac tissue. The effect of these scaffolds in cellular alignment and important
functional properties, such as the Ca2+ handling of cardiomyocytes, are thoroughly studied. In
addition, the effect of certain inherent parameters of the substrate, such as thickness, elasticity and
flexibility, on the cellular morphology and physiology is also investigated.
4.2 Parylene C
Poly(chloro-para-xylylene) or Parylene C is a material with a long history of use in the field of
medical industry as a biocompatible (USP Class VI) encapsulant of implantable biomedical de-
vices, such as pacemakers [1], neuroprosthetic devices [2], cardiovascular implants [3] and catheters
[4]. Besides, Parylene C has been widely employed as an effective packaging approach for the
integration of biosensor interfaces and electronic detection circuitry due to its chemical inertness,
non-degradability and high encapsulation quality [5, 6]. Parylene has been used with ISFETs in or-
der to suppress their pH sensitivity and serve as a solid state reference electrode, namely a REFET,
for differential ISFET/REFET pH measurements [7]. The material’s excellent encapsulation perfor-
mance has been primarily attributed to Parylene’s inherent hydrophobic (site-free) nature, pinhole
free structure above 100 nm [8] and low water vapour transmission rate [9], which enable the mate-
rial to act as an electrolyte-barrier. In addition to its numerous encapsulation applications, Parylene
C has recently attracted particular interest as a structural material for flexible electronics due to its
excellent mechanical and thermal properties that enable the integration of monitoring modalities
in flexible implementations. Such examples are the flexible implantable Parylene C sensor for in-
traocular pressure measurements in glaucoma patients [10] and the Parylene-based multielectrode
array for neural stimulation and recording [11]. The material’s mechanical robustness derives from
its high Young’s modulus (2.76 GPa [8]), which makes it highly suitable for producing stable and
reusable microfluidic devices [12] and stencils for cell and protein patterning [13, 14].
Parylene C is produced from the monomer 2-chloro-1,4-dimethylbenzene, which is a ben-
zene ring with two methyl groups at positions 1 and 4 and one chlorine at position 2 (fig. 4.1).
The material is deposited through a three-step chemical vapour deposition (CVD) process, during
which Parylene solid dimer vaporises at approximately 150 oC and then pyrolises at 690 oC to form
the Parylene C monomer (para-xylylene). When the monomer enters the deposition chamber, it
polymerises on the substrate at room temperature. The result is the formation of a structurally
continuous film with a thickness ranging from tens of nanometers to several millimetres. Many
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studies have reported that Parylene’s inherent properties - electrical, thermal and physical - are
thickness-dependent [15–17]. This phenomenon is primarily attributed to a thickness-dependent
structure and morphology of the material [15]. In particular, crystallinity increases with film thick-
ness, showing an amorphous structure in thinner films (<40 nm) and a semi-crystalline structure
(showing domains of both crystalline and amorphous structures) in thicker films (>40 nm). This
observation also accounts for the increased surface roughness, expressed by the root mean square
(Rms), as film thickness increases. In addition, the encapsulation quality of the material in terms
of dielectric constant and leakage current density is also enhanced with increased film thickness
especially above 1 µm, which is due to the decrease in voids and discontinuities. Moreover, the
material’s glass transition temperature (Tg), the point at which the polymer passes from a glassy
state to a rubbery state, increases as film thickness decreases in ultrathin (<50 nm) films [16].
Figure 4.1: Chemical structure of Parylene C.
Parylene’s poor wet adhesion has certainly rendered the material extremely popular for
encapsulation purposes, but prevented its use in applications that involve a direct contact with
biological material. Many researchers have tried to alter the hydrophobic properties of Parylene C
with particular focus on cell culturing. Oxygen plasma treatment has been previously employed to
effectively modify the surface properties of such films in order to make the material suitable as a cell
culture substrate [18, 19]. Prolonged exposure of Parylene C films to O2 plasma has been associated
with increased surface roughness and increased hydrophilicity [20]. In terms of surface chemistry
the atomic percentages of carbon and chlorine significantly decrease upon plasma oxidation, while
oxygen becomes prominent. Selective patterning of hydrophilic and superhydrophobic areas on a
Parylene C 3-D micro-structure was achieved using two distinct plasma treatments, O2 and sulfur
hexafluoride (SF6) respectively, with application in droplet-based microfluidics [21]. Other studies
exploited Parylene C as a substrate for patterning neural cells and demonstrated that cell adhesion
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on Parylene is promoted by hydrophobic absorption of the serum proteins, which in fact is reduced
when Parylene is UV irradiated [22]. Table 4.1 summarises the material’s properties.
Table 4.1: Electrophysical properties of Parylene C.
Electrical1 Mechanical1 Physical Thermal
Dielectric constant
60 Hz 1 kHz 1 MHz
3.15 3.10 2.95
Young’s
modulus
2.76 GPa
Water absorption
after 24 h1
<0.1%
Melting point1
290oC
Dissipation factor
60 Hz 1 kHz 1 MHz
0.020 0.019 0.013
Tensile strength
69 MPa
Static contact
angle2
97.2 ± 4.2o
Glass transition
temperature3
35-80oC
Surface resistivity
(23oC , 50% RH)
1014 Ohms
Yield strength
55 MPa
Roughness (Rms)4
d0.2 <1 µm,
d0.19 >1 µm
Thermal
conductivity1
(25oC) 2 · 10−4
cal/(cm · s·oC)
Volume resistivity
(23oC , 50% RH)
8.8 · 1014 Ohms
Elongation at
break
200%
Coefficient of
friction1
0.29
Linear expansion
coefficient (25oC)1
3.5 · 10−5 (oC)−1
1 Measurements performed for 25.4-76.2 µm-thick films [8].
2 Measurements for 10 µm-thick films [18].
3 Measurements for <50 nm film thickness [16].
4 d: film thickness [15].
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4.3.1 Materials and methods
4.3.1.1 Deposition of Parylene C thin films
Microscope glass slides of standard dimensions (76 mm × 26 mm × 1 mm, VWR) were thoroughly
degreased in acetone (ACE) (Sigma), isopropyl alcohol (IPA) (Sigma) and deionised (DI) water,
and dehydrated at 90oC for 60 s. Parylene C films were deposited by CVD, using a commercially
available coater (PDS2010, SCS) by vaporising (150oC) and then pyrolising Parylene C dimer
(690oC) (fig. 4.2). Numerous runs were carried out to produce five different thicknesses, and the
samples were accordingly divided into five groups; a) 50 nm (group 1), b) 1 µm (group 2), c) 5 µm
(group 3), d) 7 µm (group 4), and e) 12 µm (group 5).
4.3.1.2 Oxygen plasma treatment of Parylene C thin films
Oxygen plasma treatment was performed using an ultra high purity plasma etcher (Nano UHP
LFG40, Diener electronic) at a working pressure of 0.8 mbar and frequency of 13.56 MHz. To
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Figure 4.2: Schematic showing the deposition process of Parylene C.
achieve isotropic (conformal) functionalisation and etching of Parylene C, oxygen plasma was per-
formed under conditions of low pressure (0.8 mbar). Samples from groups 1, 2, 3 and 5 were used to
investigate the relationship between thickness and hydrophobicity. The samples were subsequently
oxidised at 50 W for 1 min to examine the correlation between thickness and induced hydrophilic-
ity. Samples from group 3 were utilised for three experimental sets: 1) plasma oxidation for 1
min at varying power values (50 W -400 W ), 2) plasma oxidation at 50 W and 400 W for various
exposure time intervals (1, 2, 3, 5 and 10 min), and 3) plasma oxidation at 25 W for 18 min.
4.3.1.3 Evaluation of surface hydrophilicity
Quantification of the surface hydrophilicity of Parylene C was performed through static droplet
contact angle measurements. For each condition two different samples were used. In cases where
results diverged significantly, experiments were repeated for consistency. A drop of DI water of 10
µl volume was always employed at the centre of the coated microscope glass slide and the affinity
of the drop to the surface was monitored via a digital universal serial bus (USB) microscope
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(VMS-004, Veho) at a fixed position. Edges were omitted, as these are typically also avoided in
all microfabricated samples for reliability purposes. An average contact angle was calculated out
of three measurements for each sample via a dedicated image processing software (ImageJ, NIH,
Baltimore). The accuracy of this method in evaluating the contact angle was precise to within
±2.9o. Contact angle measurements were performed for each sample before oxidation, immediately
after oxidation and afterwards once every day for 7 consecutive days to further investigate the
gradual restoration of Parylene’s hydrophobic properties. All samples were kept in a standard room
environment at average temperature 20oC and humidity of 30-35%. Experiments were conducted
under the same conditions. In addition, since oxygen plasma is a means to etch Parylene C
[23, 24], the corresponding etching rates were determined when present. Etching was determined
by selectively removing Parylene after plasma oxidation to create a step which was measured with
a stylus profiler (Dektak 6M, Veeco) as the average of three measurements across the sample.
Selective surface modification was also demonstrated with the same set-up, utilising samples that
have been masked appropriately with photoresist. Statistical analysis among three or more groups
was performed using a 1-way ANOVA Tukey test with a confidence interval of 95%. Data are
expressed as mean ± standard deviation (SD) or mean ± standard error of means (SEM). In the
figures, *indicates p <0.05; **p <0.01; and ***p <0.001. The analysis was performed using Prism
4 software (GraphPad software Inc).
4.3.2 Results and discussion
4.3.2.1 Power
First, the effect of varying the oxygen plasma power on 5 µm-thick coated samples for a timespan
of 1 min was investigated. Static contact angles were measured before and immediately after
plasma treatment for samples oxidised at 50 W , 100 W , 150 W , 200 W , 250 W , 300 W , 350 W ,
and 400 W . The mean contact angle of untreated Parylene C was approximately 85.1 ± 1.2o and
significantly (p <0.001) decreased in all cases; to 15.3 ± 1o after oxidation at 50 W , to 14.4 ±
0.7o at 150 W , to 14.2 ± 0.7o at 200 W , to 14.8 ± 0.4o at 250 W , to 11.6 ± 0.6o at 300 W , to
5.8 ± 0.2o at 350 W and to 4.5 ± 0.8o at 400 W 4.3(a)-(f). The corresponding measurements of
drop affinity to the films are depicted on fig. 4.3(g). A large power density has a more profound
effect on Parylene’s hydrophobicity, since a larger number of electrons, ions and free radicals attach
on the polymer’s surface and change its chemical composition [25]. Fig. 4.4 demonstrates the
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corresponding statistics, indicating the significant differences between the plasma oxidised groups.
Mild treatments (50-250 W ) do not significantly result in greater hydrophilicity. On the contrary,
oxidation above 300 W significantly alters the material’s hydrophobicity.
Figure 4.3: 10 µl water affinity drops on a 5 µm-thick Parylene C surface: (a) non-oxidised, (b)
plasma oxidised at 50 W for 1 min, (c) plasma oxidised at 150 W for 1 min, (d) plasma oxidised at
200 W for 1 min, (e) plasma oxidised at 300 W for 1 min, (f) plasma oxidised at 400 W for 1 min.
(g) Contact angle measurements as a function of power immediately after plasma oxidation (1 min).
Error bars indicate SD.
4.3.2.2 Exposure time
In order to explore the effect of oxidation duration on the surface hydrophobicity of Parylene C (5
µm-thick films), the power was maintained fixed at 50 W and 400 W for a set of exposure intervals
ranging from 1 to 10 min. Static contact angles were measured before and immediately after
plasma treatment and are progressively shown in fig. 4.5(a)-(f) respectively. Contact angle was
initially 85.1 ± 1.2o on untreated Parylene C surface, and it was significantly (p <0.001) reduced
after plasma oxidation at 50 W to 17 ± 0.4o after 1 min, to 17.2 ± 0.3o after 2 min, to 17.2 ±
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Figure 4.4: Column bars indicating statistical significance for contact angle measurements at non-
oxidised and oxidised (1 min) 5 µm-thick Parylene C surface at distinct power values. Error bars
indicate SEM. Number of samples: n=3. *p <0.5, **p <0.01, ***p <0.001.
1.2o after 3 min, to 13.7 ± 0.7o after 5 min and to 11.7 ± 0.3o after 10 min. These measurements
are summarised in fig. 4.5(g), suggesting that hydrophilicity at lower power values is improved
only with a prolonged exposure time (<5 min at 50 W ). Fig. 4.6 demonstrates the corresponding
statistics, indicating the significant differences among the plasma oxidised groups. On the contrary,
the surface hydrophilicity of samples oxidised at higher power values (400 W ) immediately increases
for time intervals more than 1 min, resulting in contact angles less than 1o after oxidation for 2
min (fig. 4.5(b)).
Oxygen plasma treatment at higher power (400 W ) and for longer exposure time (after
5 min) resulted in significant sample heating, which stems from certain physical and chemical
reactions taking place on the surface of the polymer, including ion bombardment, absorption of light
quanta from plasma and oxidation [15, 26]. The NanoUHP etcher does not provide a temperature
control option, and hence it is highly possible that during plasma oxidation at high power and/or
for long duration the temperature inside the chamber rises above the glass transition temperature
of Parylene C (>35oC), indicating that the material exhibits a massive change in its physical
properties.
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Figure 4.5: 10 µl water affinity drops on 5 µm-thick Parylene C surface: (a) non-oxidised, (b) plasma
oxidised at 50 W for 1 min, (c) plasma oxidised at 50 W for 2 min, (d) plasma oxidised at 50 W for 3
min, (e) plasma oxidised at 50 W for 5 min, (f) plasma oxidised at 50 W for 10 min. Contact angle
measurements as a function of exposure time immediately after plasma oxidation with the power
being fixed at (g) 50 W and (h) 400 W . Error bars indicate SD.
Figure 4.6: Column bars indicating statistical significance for contact angle measurements at non-
oxidised and plasma oxidised (50 W ) 5 µm-thick Parylene C surface at distinct exposure intervals.
Error bars indicate SEM. Number of samples: n=3. *p <0.5, **p <0.01, ***p <0.001.
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4.3.2.3 Restoration of hydrophobicity
The stability of Parylene’s induced surface hydrophilicity is important for long-term applications.
The hydrophilicity of the oxidised Parylene C films (5 µm thick) was examined over a period of
one week. The first experimental set included the samples treated for a fixed duration (1 min)
and the power varying as shown in fig. 4.7(a). The second set involved the samples oxidised at 50
W at different time intervals (fig. 4.7(b)). Parylene’s hydrophobicity gradually recovers within a
week, however, saturation occurs within the range of 40o-60o for samples of both experimental sets.
Beyond this point, there is no significant increase in the contact angles. For 1 min treatment the
lowest contact angles after 7 days are retained for samples oxidised at higher power (400 W ). On
the other hand, increasing the oxidation duration at 50 W (e.g. 5 or 10 min) does not necessarily
improve the long-term hydrophilicity of Parylene’s surface in comparison with shorter treatment
durations.
In addition, a third set of experiments was conducted to investigate whether high power-
short time treatment is more efficient in the long term when compared against low power-long time
treatment. In this set the long-term hydrophilic behaviour of two 5 µm-thick films oxidised at
25 W/18 min and at 400 W/1 min was compared (fig. 4.7(c)). Fig. 4.8 shows the adhesion of
water drops on the two Parylene C surfaces before oxidation, immediately after oxidation, the first,
the second and the seventh day respectively. It is interesting to note that although the immediate
reactivity of Parylene C surfaces is more apparent when oxidised with a high-power (400 W ), in the
long-term this obtains indistinguishable hydrophilicity (∼40o) with surfaces that have been treated
with low-power but received longer exposure, as illustrated in fig. 4.7(c).
The longevity of the oxygen plasma induced hydrophilicity is further demonstrated in fig.
4.9, where water drop affinity is compared for 1 µm-thick Parylene C films before oxidation (78.6 ±
0.5o) and 40 days after oxidation (44.2 ± 2o). Evidently, Parylene C tends to restore its hydrophobic
nature to a certain extent, however the water drop affinity is reduced nearly to half even after
40 days. Saturation of the polymer’s hydrophobicity over the long-term indicates a self-limiting
mechanism in the surface modification of Parylene C films. Possibly, reactions take place between
the free hydrophilic groups (carboxyl, carbonyl or hydroxyl) and air molecules, which reduce the
surface energy of the polymer and hence increase its hydrophobicity.
The restoration ratio at day i (ri) is defined as follows:
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(a) (b)
(c)
Figure 4.7: Contact angle measurements indicating restoration of hydrophobicity after plasma
oxidation of 5 µm-thick Parylene C films: as a function of (a) plasma power (for 1 min) and (b)
oxidation duration (at 50 W ). (c) Comparison between high power-short duration (400 W/1 min) and
low power-long duration (25 W/18 min) plasma oxidation. -1 and 0 points at the time axis correspond
to initial state of Parylene C and immediately after plasma oxidation. Error bars indicate SD.
ri(%) =
CAimmed − CAi
CAinitial
· 100 (4.1)
Where CAimmed and CAi are the static contact angles of the Parylene C film immediately
and i days after oxidation respectively, and CAinitial is the initial contact angle of the untreated
film. An increased restoration ratio implies that the material is more prone to return to its initial
hydrophobic state. Table 4.2 summarises the restoration ratios for various treatment parameters
(the corresponding graph is provided in fig. A.1 of Appendix A). It is evident from the correspond-
ing figures that there is an exponential increase of Parylene’s hydrophobicity over time, with the
restoration ratio at day 7 of oxidised Parylene films ranging between approximately 20%-60% for
all samples.
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Figure 4.8: Long-term study of 10 µl water drops affinity on 5 µm-thick Parylene C surfaces plasma
oxidised at: (a) 25 W/18 min and (b) 400 W/1 min.
Figure 4.9: Water drops formed on Parylene C surface of 1 µm thickness: (a) non-oxidised and (b)
plasma oxidised at 50 W/1 min after 40 days.
Table 4.2: Restoration ratios for plasma oxidised Parylene C films.
O2 plasma
power
(W )
O2 plasma
duration
(min)
Restoration
ratio at day 7
(%)
25 18 20.74
50 1 39.23
100 1 34.52
150 1 54.08
200 1 42.36
250 1 41.05
300 1 43.13
350 1 49.63
400 1 40.33
50 2 41.60
50 3 41.04
50 5 58.90
50 10 62.21
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4.3.2.4 X-Ray photoelectron spectroscopy analysis
To understand the effect of oxygen plasma on the surface of Parylene C, X-Ray photoelectron
spectroscopy (XPS) measurements were performed on a series of 1 µm-thick Parylene C films
deposited on glass substrates (10 mm × 10 mm) to investigate the composition of the surface
chemical bonds before and after oxidation. For these experiments three groups of samples were
fabricated: a) untreated Parylene C, plasma oxidised Parylene C at b) 400 W/1 min (× 2), and
c) 400 W/10 min. The plasma oxidised samples were stored in vacuum and tested 17 days after
initial exposure, while the 400 W/1 min sample was tested 65 days after oxidation to investigate the
hydrophobicity restoration effect. The XPS measurements were kindly performed at the University
of Warwick by Prof. Chris MacConville and his team (Department of Physics) and were analysed
by Dr David Payne (Department of Materials, Imperial College London).
XPS counts electrons that are ejected from a surface when the sample is bombarded with
X-rays. The number of recorded electrons is proportional to the number of atoms in a given state.
An XPS spectrum includes a contribution from a background signal and also resonance peaks which
are characteristic of the bound states of the electrons in the surface atoms and are the important
features [27]. The number of electrons recorded for an atomic state is measured with the quan-
tification region (survey spectrum), where the surface is characterised using a quantification table.
The quantification region allows the definition of the range of energies of interest corresponding
to the peaks, while it also identifies the type of approximation to be used for the removal of the
background signal.
The carbon (C) 1s region core-line spectrum of untreated Parylene C is shown in fig. 4.10(a).
There are two components of the C 1s core line (centred at ∼284.5 eV), and shake-up satellite
structure, due to pi-pi* excitations on the benzene ring (C6H6) (centred at ∼291.2 eV). Upon peak
fitting it can be determined that the C 1s core line consists of three components labelled (I, II and
III), corresponding to the CH2 (methylene), aromatic carbon and C-Cl (carbon-chlorine) chemical
environments, at 284.2 eV , 284.6 eV and 285.5 eV respectively. There is also a clear signal from
the Cl 2p core level, and a small amount of oxygen (surface contaminant). The presence of a
majority of oxygen species at the Parylene surface after plasma oxidation explains the induced
hydrophilicity. Upon oxidation it is apparent that the films become significantly more oxidised,
as shown in fig. 4.10(b), with the O 1s core level appearing at ∼532.5 eV. The peak at ∼289 eV
is most likely from carbonyl groups (C=O), carboxyl groups (COOH) or hydroxyl groups (OH)
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which also agrees well with previous studies [28, 29]. For more aggressive plasma treatment (400
W/1 min) the level of the O 1s core is increased compared to milder treatments (50 W/1 min),
indicating the higher degree of oxidation. The surface of the sample plasma treated at 400 W/10
min has been significantly oxidised to an extent that indicates the possible formation of pinholes
in the film caused by a concurrent etching process. These data support a transitional phase, where
further exposure to oxygen plasma leads to complete removal of the Parylene C film.
Figure 4.10: (a) Al Kα core level photoemission spectrum of Parylene C in the C 1s region. Survey
of (b) non-oxidised Parylene C and O2 plasma oxidised Parylene C at (c) 400 W/1 min, (d) 50 W/1
min and (e) 400 W/1 min 65 days after oxidation. Courtesy of Dr David Payne.
4.3.2.5 Thickness dependency
The water drop affinity experiment was performed on untreated Parylene C coated glasses of
different thicknesses (50 nm, 1 µm, 5 µm, and 12 µm) to observe any meaningful relationship
between film thickness and hydrophobicity. Contact angle measurements are summarised in fig.
4.11(a), supporting that thicker Parylene C films are more hydrophobic. This conclusion agrees with
the findings of a previous study exploring the correlation between thickness and hydrophobicity of
Parylene C films [17]. In this study Parylene C films were deposited with a gradient thickness along
the length of glass plates using a 2-D gradient support panel to create a wettability gradient that
varies from hydrophobic to superhydrophobic. The increase of surface hydrophobicity of Parylene
4.3 Optimisation of Parylene C processing 101
C films with thickness was attributed to a denser particle distribution which corresponds to lower
surface free energy.
Subsequently, all samples were plasma oxidised at 50 W for 1 min. Fig. 4.11(b) depicts
the corresponding contact angle measurements after oxidation. It appears that the hydrophilicity
of Parylene C films is inversely proportional to the thickness of the film, and that larger power or
treatment time is required for attaining a comparable behaviour as a film gets thicker. Contrary
to these findings, Wei et al. demonstrated that oxygen plasma treatment of Parylene C films with
a thickness gradient under the same conditions mainly improves the wettability of thicker surfaces
[30]. It is suspected that plasma oxidation has a different effect on fibrous and flat Parylene coated
surfaces, probably because the level of oxidation is dependent on the surface morphology.
Figure 4.11: Contact angle measurements as a function of thickness of Parylene C films: (a) non-
oxidised and (b) plasma oxidised Parylene films at 50 W/1 min.Error bars indicate SD.
The thickness of each sample was also measured before and after plasma oxidation to in-
vestigate the etching rate of Parylene C in relation to the plasma process parameters (table 4.3).
Thickness was measured as the average of three measurements across a step. Oxidation at 50 W
resulted in significant etching of the surface only after exposure for more than 5 min. Results
presented in table 4.3 suggest that the etching rate gradually increases with power. It is worth
noticing that the etching rate suddenly increases for plasma oxidation at 400 W , which is most
probably attributed to the extended heating effect taking place at higher power values.
4.3.2.6 Atomic force microscopy analysis
Previous studies have demonstrated that oxygen plasma induces roughening (also referred as nan-
otexturing) on organic polymer surfaces, which accounts for their induced hydrophilicity [31, 32].
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Table 4.3: Mean measured step of plasma oxidised Parylene C surfaces.
O2 plasma
power (W )
Etching rate
(nm/min)
50 -
200 50 ± 5
250 55 ± 7
350 60 ± 14
400 75 ± 7.5
This induced nanotopography was reported to potentially affect cell attachment and proliferation
[33].
The effect of thickness and plasma oxidation on the surface morphology of Parylene C films
was characterised using atomic force microscopy (AFM) (scan area: 2 × 2 µm, tapping mode, Veeco
multimode V). The AFM measurements were kindly performed at the University of Southampton
(Department of ECS) by Dr Daniela Carta and were analysed by Dr Dimitrios Kontziampasis using
a custom-made software (surfanalysis) [34]. Fig. 4.12 shows AFM 2-D images of untreated and
oxygen plasma treated Parylene C films on glass substrates for two distinct thicknesses (2 and 10
µm), while table 4.4 summarises the main findings in terms of surface roughness (Rms), skewness
and correlation length.
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Figure 4.12: AFM topographic of Parylene C-coated glass substrates: (a) non-oxidised 2 µm-thick,
(b)-(c) non-oxidised 10 µm-thick, (d) plasma oxidised (400 W/5 min) 2 µm-thick, and (e)-(f) plasma
oxidised (400 W/5 min) 10 µm-thick. Courtesy of Dr Daniela Carta.
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Rms is the square root of the sum of the squares of the individual heights and depths
from the mean line. Rms is indicative of the height of the structures, with the real height of
the samples being 6 or 7 times the Rms value. According to table 4.4 the surface roughness of
Parylene C quantified by Rms demonstrates a small gradual increase with thickness (2, 5 and
10 µm). This observation is in accordance with previous studies [15], which have attributed the
thickness-dependent surface roughness to the film’s structural evolution (i.e. grain features grow
with thickness). Surface roughness in terms of Rms significantly increases after plasma oxidation,
also supported by previous findings [26, 28] and predicted by the Wenzel equation [35].
Table 4.4: Summary of main AFM findings.
Thickness
(µm)
Oxygen plasma Rms (nm) Skewness Correlation
length (nm)
2 - 7.07 -0.05 125.3
5 - 7.88 -0.04 137.0
10 - 8.76 -0.03 125.2
2 400 W/5 min 12.0 0.25 43.1
10 400 W/5 min 11.04 0.16 62.6
Skewness is calculated as the average of the first derivative of the surface and is indicative
of the surface morphology in terms of valleys and peaks. Negative values show porosity (holes),
while positive values show roughness (mounts). All three film thicknesses of untreated Parylene
films demonstrate a value close to zero, which means that there is an equal distribution of mounts
and holes on the film surface. Oxygen plasma treated Parylene C films clearly demonstrate positive
skewness values, indicating the presence of peaks.
Correlation length is indicative of the width of the surface structures. Higher values show
larger grain size (flatter structures) on the material’s surface. According to table 4.4, untreated
Parylene C films of distinct thicknesses have indistinguishable correlation length values. Plasma
oxidised Parylene C films appear to have smaller grain structures compared to untreated films.
4.3.2.7 Selective hydrophilic patterning
Glass substrates coated with 1 and 7 µm-thick Parylene films underwent standard lithography to in-
vestigate the selective modification of the polymer’s surface hydrophobicity. Hexamethyldisilazane
(HMDS) (Sigma) was spin-coated on the Parylene C coated glasses, succeeded by a 1.4 µm-thick
positive photoresist (AZ5214E, Sigma). The samples were then soft baked on a hotplate at 90oC
for 60 s, selectively exposed to UV light for 60 s, and developed in AZ400k (4:1 DI water - AZ400k)
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(Sigma) for 15 s to remove the exposed photoresist. Before inserted into the plasma etcher, sam-
ples were prebaked on a hotplate at 110oC for 60 s for hardening the protective photoresist mask.
After oxidation, the masking photoresist was removed to conduct the evaluation experiments. The
surface of the samples was rinsed with DI water to demonstrate selective patterning.
Selective hydrophilic patterning was achieved in two ways. In the first case, 7 µm-thick
Parylene C films were plasma oxidised at 400 W for 5 min. Hydrophilic modification of the film
surface was accomplished without significant etching. Fig. 4.13(a) and fig. 4.13(b) depict DI water
confined on the hydrophilic areas. In the second case, 1 µm-thick Parylene films were oxidised at
400 W for 15 min. The exposed Parylene C areas were completely etched to reveal the hydrophilic
glass substrate underneath. Fig. 4.13(c) shows the self-containing of water in the hydrophilic wells.
Figure 4.13: Microscope images of DI water rinsed on patterned Parylene C surfaces: 7 µm-thick
Parylene C film plasma oxidised at 400 W/5 min to create (a) sequential hydrophilic and hydrophobic
stripes of 10 µm width and (b) hydrophobic diamond-shaped regions surrounded by hydrophilic areas.
(c) 1 µm-thick Parylene C film plasma oxidised at 400 W/15 min to create hydrophilic wells of 400
µm diameter.
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4.4 Application with cardiac cells
In this section, the micro-engineered Parylene C constructs are employed as 2-D cell culturing
scaffolds for neonatal rat ventricular cardiomyocytes and adult rat ventricular fibroblasts. Induced
anisotropy is evaluated in terms of cellular alignment and nucleus elongation, while important
physiological parameters of the cardiomyocytes, such as the Ca2+ cycling, are investigated. Fur-
thermore, the effect of the substrate parameters, such as thickness, flexibility and elasticity, is also
examined.
4.4.1 Materials and methods
4.4.1.1 Fabrication of micro-engineered Parylene C films
The fabrication process is outlined in fig. 4.14(a). Glass was employed as a support substrate, such
as standard glass coverslips (0.15 mm thick) of 25 and 13 mm in diameter and microscope glass
slides of standard dimensions (76 mm × 25 mm × 1 mm) (all VWR) that were cut in 8 pieces (18
mm × 13 mm) using a diamond pencil. The glass substrates were thoroughly degreased in ACE,
IPA (all Sigma) and DI water, and dehydrated at 90oC for 60 s. Parylene C films were deposited
by CVD (PDS2010, SCS), as described in section 4.3.1.1. Four runs were carried out to obtain four
different thicknesses and the samples were accordingly divided into four groups; (a) 1 µm (group
1), (b) 2 µm (group 2), (b) 7 µm (group 3) and (c) 10 µm (group 4). In all cases, film thickness
was obtained from calibration samples where Parylene C was selectively removed to create a step
that was measured with a stylus profiler (Dektak 6M, Veeco). HMDS (Sigma) was subsequently
spin-coated on the Parylene C coated coverslips, succeeded by a 1.4 µm thick positive photoresist
(AZ5214, Sigma). The samples were then soft baked on a hotplate at 90oC for 60 s, selectively
exposed to UV light for 60 s through a chrome-plated glass mask, comprising transparent areas
of 10 µm equally spaced parallel lines. The samples were subsequently developed in AZ400k (4:1
DI water - AZ400k) (Sigma) for 15 s to remove the exposed photoresist. Plasma oxidation was
performed using an ultra high purity plasma etcher (Nano UHP LFG40, Diener electronic) at a
working pressure of 0.8 mbar and frequency of 13.56 MHz. Before inserted into the plasma etcher,
samples were prebaked on a hotplate at 110oC for 60 s to harden the protective photoresist mask.
Selective hydrophilic patterning was achieved through oxygen plasma treatment of the Parylene
C films. After plasma oxidation, the remaining photoresist was removed through immersion in
ACE, IPA and DI water. The resulting surface layout of the Parylene C substrates had parallel
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hydrophobic-hydrophilic lines 10 µm wide. The dimensions were determined based on previous
studies with NRVM suggesting that lines of this width most effectively aligned and improved the
Ca2+ cycling properties of cardiomyocytes [36].
The power of the O2 plasma defines the etching rate and the degree of the induced hy-
drophilicity according to previous findings presented in section 4.3. Two types of selectively hy-
drophilic Parylene C films were fabricated for cell culturing; in the first case, Parylene films were
plasma oxidised for longer time, so that the exposed Parylene C areas were completely etched
to reveal the hydrophilic glass substrate underneath (glass/hydrophobic Parylene - G/H). In the
second case, Parylene C films were subjected to plasma oxidation for shorter time, resulting in
selective hydrophilic modification of the film surface (hydrophilic/hydrophobic Parylene - H/H).
Parylene C constructs that were conformally exposed to O2 plasma under the same conditions
as the H/H constructs served as the control (non-engineered) group. Throughout this chapter,
the micro-engineered constructs and the cells cultured on these are referred as ’patterned’ and
’structured’ respectively, whereas the control (non-engineered) substrates and the corresponding
cell cultures are referred as ’unpatterned’ and ’unstructured’ respectively.
4.4.1.2 Cardiomyocytes isolation and culture
During this study two distinct isolation protocols were employed based on a manual and an auto-
matic procedure. Two distinct types of ECM were used here, fibronectin and collagen, in order to
demonstrate the versatility of the proposed method.
Protocol 1
NRVM were isolated by Dr Chris Rao from Sprague-Dawley rats 2 days after birth. All ex-
periments were conducted in accordance with Home Office regulations detailed in the Animals (Sci-
entific Procedures) Act 1986. The isolation technique has been described previously [37]. Briefly,
neonatal ventricles were excised and enzymatically digested. These digestions were centrifuged
to produce a cell pellet which was resuspended in 25 ml complete medium (Dulbecco’s Modified
Eagle Medium - DMEM) containing 4.5 g/l glucose (Gibco), 25% medium-199 (Sigma), penicillin-
streptomycin (Sigma), 15% horse serum (Sigma), 7% fetal bovine serum (FBS, Sigma) and 3.4%
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma). The solution was pre-plated
for 1 h to remove fibroblasts. The cells were then swept from the plate and counted on a light
microscope using a haemocytometer. Prior to seeding, all constructs (Ø25 mm glass coverslips)
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were sterilised by submersion in 100% ethanol for 1 h. The samples were subsequently washed with
sterile PBS (Oxoid), coated with 5 µg/ml fibronectin (Sigma) and stored in an incubator (37oC,
5% carbon dioxide (CO2)) for 20 h. 2 ·106 cells were seeded at identical densities on each construct.
All seeded constructs were then incubated. Complete medium was changed every two days. All
experiments were performed at day 4 post-seeding. Sterilisation and coating of the constructs and
cell culturing were performed by Dr Chris Rao and Hannah Barrett.
Protocol 2
NRVM were isolated using the GentleMACs Neonatal Heart Dissociation Kit (Mi Kit -
Miltenyi Biotec GmbH, Germany [38]). Isolation each time was performed in rotation by Dr
Rasheda Chowdhury, Dr Ivan Diakonov, Dr Francisca Schultz, Dr Catherine Mansfield and Dr
Zhou Wenhua. Briefly, the preparation steps include the reagent preparation step 1 using medium-
199 (Corning), the dissociation protocol step 1 using Hank’s balanced salt solution (HBSS, Sigma),
the dissociation protocol steps 11-13 using medium-199 supplemented with 10% neonatal calf serum,
also 50 U/ml penicillin, 2 mg/ml vitamin B12 and 200 mM L glutamine, the dissociation protocol
step 14, centrifugation at 1000 rpm, for 5 min. Subsequently, the solution was resuspended in 20
ml supplemented medium-199 and preplated for 1 h to remove fibroblasts. The cells were then
counted using a haemocytometer. Prior to seeding, all constructs (Ø13 mm glass coverslips and
microscope glass slide pieces) were sterilised by double submersion in 70% ethanol for 10 min. The
samples were left to dry in a sterile environment and were subsequently washed twice with sterile
PBS and then with sterile DI water to remove any crystal compounds from the surface. After
drying out, the constructs were coated with 5 mg of type IV human placenta collagen (Sigma)
diluted in 22 ml of HBSS and 3 ml of glacial acid. The solution was applied on the constructs
for 1 min, and was succeeded with 2 quick washes with sterile DI water. During the last step,
the constructs were immersed into water and stored for 1 h in the incubator (37oC, 5% CO2).
Before seeding, water was removed. 50 ·103 cells in 10 µl medium (67% DMEM, 16% medium-199,
10% horse serum, 4% FBS, 2% 1 M HEPES and 1% penicillin-streptomyosin) were seeded on each
construct. All constructs were then incubated for half an hour to allow the cells to attach on the
surface. Subsequently, the container plate was gently filled with cell medium (500 µl). Complete
medium was changed 18 h after seeding. All experiments were performed at day 4 post-seeding. In
order to implement the flexible free-standing Parylene C micro-engineered films, Parylene coated
microscope glass slides were used in order to facilitate the detachment of the membrane without
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breaking the glass substrate. The Parylene membrane was carved in a square area (12 × 12 mm)
with a sterile blade after collagen coating and detached from the glass 1 h post-seeding. Sterilisation
and coating of the constructs and cell culturing were performed by Tatiana Trantidou and also by
Karen Pinto under the direct supervision of Tatiana Trantidou.
4.4.1.3 Fibroblasts isolation and culture
Ventricular fibroblasts were isolated by James Cartledge from Sprague-Dawley adult rats (weighting
approximately 200 g). All experiments were conducted in accordance with Home Office regulations
detailed in the Animals (Scientific Procedures) Act 1986. The isolation technique has been described
previously [39]. Briefly, ventricles were excised and enzymatically digested. The cell suspension was
span at 620g for 4 min to collect the fibroblasts. The fibroblasts were cultured in 25 ml DMEM
containing 10% FBS. The constructs were coated with collagen as described above and seeded with
50 ·103 cells at identical densities per construct. All seeded constructs were then incubated (37oC,
5% CO2). Complete medium was changed 18 h after seeding. Immunofluorescence experiments
were performed at days 3-4 post-seeding. Constructs preparation and cell culturing was performed
by Karen Pinto under the direct supervision of Tatiana Trantidou.
4.4.1.4 Immunofluorescence
To determine cell alignment, NVRM cytoskeletal myosin heavy chains were labelled using fluo-
rescent anti-heavy chain cardiac myosin antibody (Abcam), while nuclear deoxyribonucleic acid
(DNA) was labelled with fluorescent 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Live cell
imaging was performed using an Upright Zeiss confocal microscope. The nuclear alignment angles,
defined as the orientation of the major elliptic axis of individual nuclei with respect to the direction
of the patterning, were measured using built-in functions of a dedicated image processing software
tool (ImageJ, NIH, Baltimore). Staining, imaging and corresponding analysis were performed by
Dr Chris Rao and Hannah Barrett. Immunofluorescence experiments were conducted at day 4
post-seeding.
For the confocal microscopy and immunofluorescence imaging of the NRVM and fibrob-
lasts respectively, the cellular plasma membranes of live cells were labelled by incubating the cells
with 15 mM di-8-ANEPPS (Invitrogen) for 5 min, while their nuclear DNA was labelled with
Hoechst 33258 (H258, Invitrogen). Images of fibroblasts were taken using an Upright Zeiss confo-
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cal microscope, whereas confocal images of NRVM were acquired using an inverted Zeiss confocal
microscope. Alignment in both cases was measured using built-in functions of a dedicated image
processing software tool (ImageJ, NIH, Baltimore). Staining, imaging and corresponding analysis
were performed by Tatiana Trantidou and also by Karen Pinto under the direct supervision of
Tatiana Trantidou. Immunofluorescence experiments were conducted at day 4 post-seeding.
Staining of the NRVM sarcomeres was performed by Dr Patrizia Camelliti and Karen Pinto
using alpha sarcomeric actinin (Sigma) as the primary antibody. The cells were fixed with cold
ACE (Sigma) for 10 min, washed 5 times with PBS (10 min each) and blocked with 1% bovine
serum albumin (BSA) and 0.1% triton in PBS solution for 1 h at room temperature. Subsequently,
the cells were incubated with the primary antibody (concentration 1:80) for 3 h, then washed with
PBS for 15 min thrice, and finally incubated with the secondary antibody Alexa 488 (Invitrogen)
for 1.5 h. Finally, they were washed with PBS and mounted with DAPI medium.
To quantify the density and organisation of the microtubules, NRVM were stained for α-
tubulin. Cells were washed in PBS, fixed with ice cold methanol for 5 min and blocked in 1%
BSA prepared in PBS (which was subsequently used for all antibody dilutions) for 1 h to prevent
non-specific binding. Cells were stained with a mouse anti-α tubulin antibody (1:500 dilution)
(Sigma) overnight at 4oC and then incubated with an anti-mouse Alexa 488 antibody (Millipore)
(1:500 dilution) for 1 h before mounting using a vectashield (Vectalabs) mounting medium contain-
ing DAPI. The cells were imaged using an inverted Zeiss LSM-780 confocal microscope, ensuring
that the same microscope configuration settings were maintained throughout to enable comparison
between groups. To quantify the microtubule density, analysis of the images was performed using
dedicated image processing software (Fiji, NIH, Baltimore). The background was subtracted from
the image and a rectangular area (30 × 60 pixels) was selected within a cell. A threshold was
applied to the selection and the percentage area covered by microtubules was measured. Stain-
ing, imaging and corresponding analysis were performed by Eleanor Humphrey under the direct
supervision of Tatiana Trantidou.
4.4.1.5 Measurement of Ca2+ transients
Ca2+ transients of NRVM cultured according to protocol 1 were studied by loading the cells with
fluo-4-AM, a non-ratiometric Ca2+ sensitive fluorescent dye. NRVM were loaded with 1 ml DMEM,
10 µM fluo-4-AM (Invitrogen) with 0.2% pluronic acid (Invitrogen) and 4 µM probenacid (Invitro-
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gen) for 30 min at 37oC in a humidified atmosphere with 5% CO2. They were then de-esterified in
1 ml DMEM with 2% FBS and 4 µM probenacid for 30 min at 37oC in a humidified atmosphere
with 5% CO2. The Ca
2+ transients collected from single cells were studied using line scanning
on an Upright Zeiss confocal microscope with 488 nm excitation wavelength at 40× magnifica-
tion. Fluorescence emissions were collected through a long pass 505 nm filter when cells were
field-stimulated at 0.5, 1 and 2 Hz. Line scans were converted into Ca2+ transients using ImageJ
(NIH, Baltimore) and analysed blindly in Clampfit 10.0 (Molecular Devices) to calculate amplitude
(f/f0), time to peak, time to 50% and time to 90% decline. Staining, imaging and analysis were
performed by Dr Chris Rao and Hannah Barrett.
Ca2+ experiments for NRVM isolated and cultured according to protocol 2 were performed
using optical mapping and an inverted Zeiss fluorescent microscope. For these experiments the
NRVM were loaded with 500 µl HBSS and 5 µl of a solution consisting of 50 µg fluo-4-AM diluted
in 50 µl pluronic F-127 (20% solution in dimethyl sulfoxide (DMSO)) (Invitrogen). The cells were
then placed in the incubator for 15 min and then de-esterified with 500 µl HBSS for 20 min. During
the experiments cells were superfused with 37oC Normal Tyrode’s solution containing 140 mM
sodium chloride (NaCl), 6 mM potassium chloride (KCl), 1 mM magnesium chloride (MgCl2),
1 mM calcium chloride (CaCl2), 10 mM glucose, 10 mM HEPES adjusted to pH 7.4 with 2 M
sodium hydroxide (NaOH) (all Sigma). The Ca2+ transients were studied using 20× magnification
under 0.5, 1 and 2 Hz field-stimulation to induce rhythmic depolarisation. Ca2+ transients were
collected through a dedicated software (IDL, Research Systems Inc.) and analysed by an automated
procedure performed in MATLABr (details in Appendix B) to calculate amplitude (f/f0), time to
peak, time to 50% and time to 90% decline. Staining, imaging and analysis were performed by
Tatiana Trantidou and also by Karen Pinto under the direct supervision of Tatiana Trantidou.
4.4.1.6 Statistical analysis
Statistical analysis was performed using Prism 4 software (GraphPad software Inc). Where three
or more non-parametric and unpaired data sets were studied, analysis was performed using a 1-way
ANOVA test (Kruskal Wallis or Tukey) with a confidence interval of 95%. Where two datasets were
analysed, statistical analysis was performed using an unpaired t-test (two-tailed) with a confidence
interval of 95%. Data are expressed as mean ± SEM unless specified otherwise. Throughout this
chapter, n represents the number of cells (myocytes or fibroblasts) unless specified otherwise. In
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the figures, * indicates p <0.05; ** p <0.01; and *** p <0.001.
4.4.2 Results and discussion
4.4.2.1 Evaluation of Parylene C micro-engineered films
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Figure 4.14: (a) Schematic representation of the fabrication process of the micro-engineered con-
structs. Immunofluorescence images of tagged fibronectin (green fluorescent) on (b) micro-engineered
Parylene C constructs and (c) untreated (hydrophobic) Parylene C constructs, bar 50 µm. Courtesy
of Dr Chris Rao. (d) Profilometer scan profiles of micro-engineered constructs: A-50 W/1 min, B-400
W/15 min, C-400 W/5 min.
The evaluation of this method was initially performed by coating the engineered and non-
engineered (hydrophobic) Parylene C constructs with green fluorescent fibronectin (HiLyte 488,
AnaSpec Inc.). Figures 4.14(b) and 4.14(c) illustrate the corresponding results obtained with a
fluorescent microscope, indicating that fibronectin is absorbed by the hydrophilic areas only. As a
consequence, the NRVM cells that were subsequently seeded on these constructs self-aligned on the
areas covered by attachment factors. Three types of patterned constructs were produced in order
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to demonstrate three distinct cases that can contribute to cellular structuring; in the first case,
Parylene C films received plasma oxidation at 50 W/1 min. Alternating hydrophilic/hydrophobic
(H/H) lines were produced on the Parylene surface without significant etching. In the second
case, 1 µm-thick Parylene films were oxidised at 400 W/15 min. The exposed Parylene C areas
were completely etched to reveal the hydrophilic glass substrate underneath (glass/hydrophobic
Parylene - G/H), therefore creating lines of 1 µm depth. In the third case, Parylene C films
were oxidised at 400 W/5 min to create hydrophilic/hydrophobic lines (H/H) approximately 0.5
µm deep. Profilometer scan profiles acquired from the three distinct groups of micro-engineered
constructs are presented in fig. 4.14(d). In all cases, Parylene C constructs of same film thickness
(apart from the 1 µm-thick films) that were conformally oxidised under the same plasma conditions,
comprised the control (non-engineered) group.
Fig. 4.15 presents the bright-field and immunofluorescence pictures of NRVM seeded on
fibronectin-coated control and micro-engineered (H/H and G/H) Parylene C constructs 1 week
after production, demonstrating the alignment of the cells in the direction of the construct lines.
NRVM attached and aligned similarly when seeded on the micro-engineered constructs 4 weeks after
production, indicating the long-term usability of the proposed method (Appendix A, fig. A.2).
Images from NRVM seeded on collagen-coated constructs are illustrated in fig. 4.16. In this
case, Parylene C films (10 µm thick) were micro-engineered using an oxygen plasma recipe of 400
W/5 min, resulting in the formation of sequential hydrophobic and hydrophilic lines 0.5 µm deep.
These results highlight the versatility of the proposed method, as it is compatible with several
attachment factors for cellular adhesion.
Fibroblasts seeded on collagen-coated micro-engineered constructs attached and aligned in
the direction of the constructs (fig. 4.17(a)-(b)). The pattern on the collagen-coated constructs was
visible during confocal analysis in areas without cells and is shown in scale in fig. 4.17(b)(inset).
It is worth mentioning that in confluent cultures where the cell density is high, cells tend to bridge
across the hydrophobic lines, nevertheless, they orientate parallel to the direction of lines. This
phenomenon is more profound in constructs with shallower grooves (fig. 4.15(e)) and with cells
that have a bigger size relatively to the geometry of the layout, such as the adult rat fibroblasts
(fig. 4.17(b)).
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Figure 4.15: Bright-field (top) and immunofluorescence (bottom) images of NRVM cultured on
fibronectin-coated (a), (d) unpatterned (7 µm-thick), (b), (e) H/H (7 µm-thick) and (c), (f) G/H (1
µm-thick) Parylene C constructs. Green-Myosin heavy chain antibody. Blue-DAPI, bar 50 µm. (g)
Quantification of cell alignment on unpatterned and patterned constructs indicating the angle between
the long axis of the nucleus and the direction of the lines. Error bars indicate SEM. n represents
number of cells. ***p <0.001 (data derived from 2 isolations for G/H and H/H constructs and 4
isolations for controls). Courtesy of Dr Chris Rao.
4.4.2.2 Cell alignment
As previously mentioned, this study concentrated on three distinct types of constructs to demon-
strate cellular scaffolding: constructs without grooves (50 W/1 min) to indicate that the alignment
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Figure 4.16: Immunofluorescence images of NRVM cultured on collagen-coated unpatterned (left)
and patterned (right) 2 µm-thick Parylene C constructs. Red-membrane stain di-8-ANEPPS. Green-
alpha sarcomeric actinin antibody. Blue-nuclear stain Hoechst 33258, bars 20 µm. Quantification of
cell alignment on (e) unpatterned and patterned Parylene C constructs and (f) patterned 2 and 10
µm-thick Parylene constructs. Error bars indicate SEM. n represents number of cells. ***p <0.001
(data derived from 1 isolation).
is a result of the surface chemistry and not the surface geometry, and constructs with 0.5 or 1 µm
deep grooves (400W/5 min and 400 W/15 min respectively) to indicate that the alignment is a
result of combined surface geometry and chemistry.
Alignment of NRVM on the fibronectin-coated constructs was significantly (p <0.001) pro-
moted in both types of patterned substrates (H/H and G/H) compared to cells on non-engineered
constructs that are conformally hydrophilic. Comparing the two patterned constructs, alignment
was greater on the grooved (G/H) substrates, indicating a further reduction in the modulus of angle
of cell from the direction of the lines by 15.18% (fig. 4.15(g)). Other studies employing NRVM
[40] as well as rat dermal fibroblasts [41] have also proven that deeper grooves induce greater cell
alignment. In this study alignment is primarily a result of the surface chemistry of the Parylene
constructs, although the topography of the support substrate certainly has an impact, as previously
demonstrated with microgrooved PDMS scaffolds that are conformally hydrophilic [36]. However,
when dealing with conformally hydrophilic substrates, a depth of at least 4 µm is essential to
achieve sufficient cell patterning of NRVM [36]. The degree of the induced alignment is directly
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Figure 4.17: Immunofluorescence images of cardiac fibroblasts cultured on collagen-coated (a)
unpatterned and (b) patterned 10 µm-thick Parylene C constructs. Green-membrane stain di-8-
ANEPPS. Blue-nuclear stain Hoechst 33258, bar 20 µm. (c) Modulus of angle of cell from mean axis
of fibroblasts seeded on unpatterned and patterned constructs. (d) Major to minor cell axis ratio.
Error bars indicate SEM. n represents number of cells. **p <0.01, ***p <0.001 (Data derived from 1
isolation).
related to the O2 plasma parameters (power and treatment time), as shown in section 4.3, which in
turn define the etching rate and the extent of the induced hydrophilicity of the Parylene C surface.
NRVM seeded on the collagen-coated constructs (400 W/5 min) also demonstrated signif-
icant (p <0.001) alignment to the direction of the lines (fig. 4.16(e)). These results suggest that
alignment is achieved independently of the coating conditions.
When two micro-patterned Parylene C constructs of different thickness (2 and 10 µm) were
seeded with NRVM under exactly the same plasma oxidation and coating conditions, no statistically
significant difference was found in terms of cellular alignment (fig. 4.16(f)), suggesting that the
degree of alignment is only a function of the oxygen plasma process conditions, and therefore of
the resulted 3-D profile of the substrate.
Similarly, fibroblasts seeded on the micro-engineered Parylene C constructs demonstrated
considerable (p<0.001) alignment along the direction of the lines compared to unstructured cultures
(fig. 4.17(c)). To evaluate the elongation of the cells, the ratio of the major to the minor axis of the
cell was assessed (considering the cellular nucleus as an eclipse) (fig. 4.17(d)). Fibroblasts nuclei
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were significantly more elongated on the H/H micro-engineered constructs (p <0.01) compared to
typical cell cultures.
4.4.2.3 Ca2+ cycling
Effect of patterning on the Ca2+ cycling of NRVM
NRVM cultured on the fibronectin-coated engineered substrates had a larger Ca2+ transient am-
plitude (f/f0) at all stimulation frequencies (p <0.001) compared to the ones cultured on the
non-engineered constructs (fig. 4.18). Time to transient peak (Tp) was shorter only for cells on the
H/H construct at all stimulation frequencies (p <0.01 at 0.5 Hz, p <0.05 at 1 Hz and p <0.001 at 2
Hz), whereas cells on the G/H substrates did not present any improvement in terms of Tp. Time to
50% transient decay (T50) was significantly (p <0.001) reduced for both types of micro-engineered
constructs only when the culture was stimulated at 2 Hz. Finally, time to 90% transient decay
(T90) was significantly reduced for both types of structured cultures at all stimulation frequencies
(p <0.001 at 0.5 Hz, p <0.05 for H/H and p <0.001 for G/H at 1 Hz and p <0.001 at 2 Hz).
There was no statistically significant difference in the transient amplitude (f/f0), T50 and
T90 between cells cultured on the H/H and G/H constructs. However, structured cultures on the
H/H constructs had a shorter Tp compared to the G/H substrates at all stimulation frequencies
(p <0.001).
Fig. 4.19 shows the frequency dependency of the Ca2+ transient parameters of NRVM
cultured on unpatterned and patterned Parylene C constructs. All cultures showed the expected
negative relationship for Ca2+ transient amplitude. However, as for more mature myocardium,
there was a faster decline of the transients at high frequencies in the patterned constructs, which
was not observed in unpatterned constructs. In particular, the Ca2+ transient amplitude and
decline (T50 and T90) of the cells on the H/H and G/H constructs were significantly (p <0.001)
reduced as the stimulation frequency increases from 0.5 to 2 Hz.
The change in amplitude in NRVM is likely to be attributed to changes in the SR function,
given the relative importance of SR Ca2+ to CICR in rats and mice [42], however, a contribution
from extrasarcolemma Ca2+ cannot be completely excluded. Increased SR Ca2+ load has been
shown to increase RyR open probability [43]. Because of this effect an increase in SR Ca2+ load
would increase Ca2+ release hence increasing the amplitude. The time to peak Ca2+ transient would
also increase, if there was not a corresponding increase in RyR function. Increased contribution of
4.4 Application with cardiac cells 117
Unpatterned Parylene C Hydrophilic/Hydrophobic Parylene C Glass/Hydrophobic Parylene C
Representative Ca2+ traces
0
[C
a2
+ ]
1000500
Time (ms)
0
1.2
0.4
0.8
1.4
1.0
0.6
0.2
Figure 4.18: (top) Representative Ca2+ traces and (bottom) fluorescent amplitude (f/f0), time
to peak (Tp), 50% decay (T50), and 90% decay (T90) of the Ca2+ traces of NRVM cultured on
unpatterned (purple), H/H (green) and G/H (yellow) patterned Parylene C constructs at 0.5 Hz, 1
Hz and 2 Hz field stimulation. Error bars indicate SEM. n represents the number of cells. *p <0.05,
**p <0.01, ***p <0.001 (Data derived from 2 isolations for G/H and H/H constructs and 4 isolations
for controls). Courtesy of Dr Chris Rao.
SR Ca2+ in the patterned constructs is also suggested by the negative force-frequency relationship
only observed in structured cultures, as at higher frequencies the SR Ca2+ content is reduced in rats
and mice cells, resulting in reduced amplitude [42]. The ability to shorten Ca2+ extrusion at higher
frequencies, as the consequence of a shorter action potential and other adaptations of the excitation-
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Figure 4.19: Frequency dependency of (a) Ca2+ transient amplitude, (b) time to transient peak,
(c) time to 50% decay and (d) time to 90% decay of NRVM cultured on unpatterned (purple), H/H
(green) and G/H (yellow) constructs. Error bars indicate SEM. n represents the number of cells
(Data derived from 2 isolations for G/H and H/H constructs and 4 isolations for controls). Courtesy
of Dr Chris Rao.
contraction coupling machinery [44], are fundamental properties of mature myocardium. This
phenomenon was clearly observed in both Parylene C micro-engineered substrates but not in the
unstructured cultures. A reduction in SERCA function has been shown to reduce the rate constant
of Ca2+ transient decay [45]. It would be expected that a change in SERCA function, improving
reuptake into the SR, would alter decay time at 50%. As the reduction was seen only significant for
the 90% decay time, changes in other Ca2+ handling mechanisms such as the Na+/Ca2+ exchanger,
mitochondrial Ca2+ handling or the sarcolemmal Ca2+ ATPase may also be implicated. Further
pharmacological studies need to be undertaken to fully decipher the mechanism behind the improved
Ca2+ cycling of NRVM, which is nevertheless beyond the scope of this project.
Interestingly, Ca2+ transient increased faster in NRVM after stimulation only for the H/H
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construct at all three frequencies. In the context of a larger Ca2+ transient amplitude, this probably
also reflects a corresponding improvement in RyR function. This observation strongly suggests that
the greater degree of alignment induced by the deeper grooves in the G/H constructs, which has
previously been described [36], is not the only factor responsible for the observed modulation in
cellular function.
Several cell culture techniques which promote cellular alignment have been shown to improve
Ca2+ cycling in NRVM. Micro-grooved substrates increased the speed of Ca2+ cycling and elevated
diastolic and systolic Ca2+ [46]. Aligned collagen constructs increased voltage-gated Ca2+ currents
in NRVM [47]. NRVM cultured on microcontact printed lines had lower diastolic Ca2+, larger Ca2+
transient amplitude and a trend toward faster Ca2+ removal [48]. The changes in Ca2+ handling
reported with NRVM culture on microcontact printed constructs are particularly interesting, as
the findings are similar to the results presented here, suggesting that these constructs like the H/H
plasma treated constructs probably also enforce structure on NRVM without geometric constraints.
Despite the evidence showing an association between cellular alignment and improved Ca2+
cycling in NRVM it is not clear why this should occur. Cytoskeletal reorganisation in response
to external cues has previously been demonstrated in several studies [49–51]. It may be that this
reorganisation promotes better SR organisation which influences Ca2+ cycling, or that Ca2+ cycling
is modified by independent mechanisms. Further research needs to be undertaken to elucidate this.
Effect of thickness of the Parylene C substrate on the Ca2+ cycling of NRVM
As demonstrated in section 4.3.2.5, Parylene exhibits a thickness-dependent hydrophobicity, with
thicker films being more hydrophobic than thinner films. The hydrophobicity of the micro-patterned
Parylene substrate was manipulated by employing Parylene-coated glass substrates of 2 and 10
µm thickness to investigate any effect on the Ca2+ cycling of NRVM. Fig. 4.20 summarises the
corresponding Ca2+ handling data at 2 Hz field stimulation. We have previously observed that
inter-cell variability is much smaller than inter-dish variability, therefore, in this section statistical
analysis was performed using n as the number of dishes (data derived from six isolations according
to protocol 2). The corresponding results showed no significant differences between the two groups
for all four parameters (f/f0, Tp, T50 and T90). Similar results were observed at 0.5 and 1 Hz
stimulation frequencies and are demonstrated in Appendix A (fig. A.3 and A.4).
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Figure 4.20: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glass constructs at 2 Hz field stimulation. Error bars indicate SEM (Data derived from six
isolations).
4.4.2.4 Cell morphology
The position and morphology of the cells on the micro-patterned constructs were investigated by
creating z-stack images of the cells using a confocal microscope. There is evidence from other
studies to suggest that increasing the Parylene C hydrophobicity does influence cell morphology.
In particular, Chang et al. [18] demonstrated that increased surface hydrophobicity causes fibrob-
lasts to become more raised and rounded in shape compared to those on a conformally hydrophilic
surface. Based on previous findings (section 4.3.2.5) supporting that the hydrophobicity of Pary-
lene C is directly proportional with the film thickness, it was hypothesised that there must be
a connection between the inherent hydrophobicity of the substrate and the cellular position and
morphology. A set of confocal imaging experiments was conducted using two distinct groups of
micro-patterned Parylene C constructs; a) 2 µm- and b) 10 µm-thick films oxidised at 400 W/5
min, coated with collagen and cultured with NRVM according to protocol 2. z-stack images of the
cells on the micro-patterned constructs were acquired at distinct consecutive depths using a very
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Figure 4.21: Representative immunofluorescence images and cross-sectional views of NRVM sitting
on (left) 2 µm- and (right) 10 µm-thick Parylene C micro-patterned (400 W/5 min) constructs. Red-
membrane stain di-8-ANEPPS. Blue-nuclear stain Hoechst 33258.
small step (1 µm). The 3-D profile of the image was reconstructed using an image analysis software
(Fiji, NIH, Baltimore).
In order to examine how single cells interact with their substrate, cells at the edges of
the culture were individually distinguished for examination. Fig. 4.21 demonstrates representative
pictures of NRVM seeded on the micro-patterned constructs together with the corresponding cross-
sectional views. An important observation was that cells on thick membranes were less likely
to bridge across the hydrophobic lines and constrained on the collagen-coated hydrophilic lines,
maintaining a more cylindrical shape (fig. 4.22(a)). On the contrary, the majority (89.58%) of
cells cultured on thin membranes managed to cross the hydrophobic lines and adhere to the two
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Figure 4.22: (a) Schematic showing the position of cells on the micro-patterned (400 W/5 min)
Parylene C substrates of distinct thicknesses. (b) Corresponding contact angle data. Error bars
indicate SEM. n represents the number of cells. **p <0.01. (c) Statistics of the cells’ position on the
micro-patterned constructs (Data derived from 3 isolations).
surrounding hydrophilic lines, obtaining a more spread-out shape.
The volumetric affinity of the cells to their culture substrate was investigated through contact
angle measurements at the level of the nucleus based on the orthogonal views of the acquired
confocal images. Fig. 4.22(b) provides the statistical analysis (t-test unpaired) derived from this
study. The contact angle of cells sitting on the thick membranes (84.73 ± 4.9o) was significantly
larger (p <0.01) compared to cells cultured on the thin membranes (64.51 ± 5.3o). These findings
support the initial hypothesis based on the thickness-dependent hydrophobicity of Parylene C. As
a result, the lower hydrophobicity enables the cells to bridge across these lines and adhere to the
neighbouring hydrophilic lines. Statistical analysis of the position of the cells from the two thickness
groups is indicated in fig. 4.22(c).
In order to examine in more detail the morphology and position of the cells on the micro-
patterned constructs of two distinct thicknesses, topographic imaging of live NRVM at nanoscale
resolution was performed using hopping probe ion conductance microscopy (HPICM) [52]. In
HPICM a nanopipette approaches the sample from a starting position which is above all surface
features and the reference current is measured at this initial position. Subsequently, the pipette
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approaches the sample until the current is reduced by a predefined amount (usually 0.25-1%). At
this point, the z-position of the nanopippette is recorded and corresponds to the height of the
sample at this imaging point.
HPICM topographic images were acquired by Dr Claire Poulet using a custom-modified
scanning ion conductance microscope sample scanner ICNano-S (Ionscope) and custom software
[52]. We particularly examined the surface, volume and elongation of the cells on the micro-
patterned constructs. Fig. 4.23 shows representative images and the 3-D topographical rendered
images of NRVM on (a)-(b) 2 µm- and (c)-(d) 10 µm-thick Parylene C constructs.
(a)
(c)
(b)
(d)
80 μm
80 μm
80 μm
80 μm
(e)
(g)
(f)
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8 μm
Figure 4.23: Topographical images obtained with hopping mode ion conductance microscopy of
NRVM cultured on collagen-coated H/H patterned (400 W/5 min) Parylene C constructs of (a)-(b)
2 µm- and (c)-(d) 10 µm-thickness. (e) Surface to volume ratio, (f) cellular volume and (e) elongation
index. Error bars indicate SEM. n represents the number of cells. ***p <0.001 (Data derived from
one isolation). Courtesy of Dr Claire Poulet.
Surface, volume and index of elongation were calculated from the scanning microscopy mea-
surements and results are presented in figures 4.23(e)-(g). Elongation index was calculated as the
length of the cell divided by its width (an elongation index that equals 1 means that the cell is
round). Cells on thin (2 µm) micro-patterned films showed similar surface area with cells on thick
(10 µm) membranes, but they had significantly (p <0.001, t-test unpaired two-tailed) larger vol-
ume and hence smaller surface to volume ratio. As expected, when cells are less constrained by
boundaries (physical or other), they expand substantially in size. On the other hand, cells on thick
membranes were more elongated, indicated by a substantial number of cells having elongation index
above three. These results suggest that NRVM on thick films are smaller in size but have a more
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elongated shape, which is in accordance with the observations derived from confocal imaging. The
cylindrical and elongated NRVM morphology observed on the 10 µm-thick patterned Parylene C
constructs resembles more mature cardiomyocytes [53], suggesting that the thicker constructs may
promote cell maturation.
The change in NRVM morphology observed upon a change in Parylene film thickness could
be possibly associated with changes in the cytoskeletal structure. NRVM cultured on collagen-
coated unpatterned and micro-patterned (400 W/5 min) Parylene C constructs were stained for
microtubules. Fig. 4.24(a)-(d) present the corresponding immunofluorescence images. Micro-
tubules of structured cells appeared more compact and denser within the cells. On the contrary,
microtubules of unstructured cells were more spread out and sparsely distributed throughout the
cytoplasm, also reported by others [54]. The greatest number of microtubules was found about
the perinuclear region in both the micro-patterned and unpatterned constructs. Fig. 4.24(e) sum-
marises the observations derived from the image analysis. There was a significant increase in the
percentage area covered by microtubules for structured cells compared to unstructured cells for
both 2 µm (p <0.05) and 10 µm (p <0.001) film thicknesses. The organisation and increased
microtubule density in cells on the micro-patterned constructs is similar to that observed by others
in adult rat cardiomyocytes [54], indicating cardiomyocyte maturation. Moreover, it was observed
that cells on the 10 µm-thick patterned constructs had a significant increase (p <0.05) in micro-
tubule density compared to cells on the 2 µm-thick constructs, which is most probably related to
their larger surface to volume ratio as calculated above.
Further research is needed to investigate the molecular mechanisms that link the cellular
morphology with the cellular function, which is, however, beyond the scope of this work. Possi-
ble explanations might lie in the adhesion mechanisms and particularly in the integrins, which are
transmembrane receptors that mediate the attachment between the cells and their substrate. These
receptors are involved in signal transduction by passing information regarding the chemical com-
position and mechanical properties of the micro-environment into the cell, and are thus responsible
for regulating the cellular function and shape. Possible answers could also lie in cellular metabolites
that have the ability to bind to actin microfilaments, such as cytochalasins, which block the process
of actin polymerisation, resulting in changes in the cellular morphology and processes.
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Figure 4.24: Representative immunofluorescence images of microtubules in NRVM cultured on
collagen-coated constructs (400 W/5 min): (a) 2 µm-thick patterned, (b) 2 µm-thick unpatterned,
(c) 10 µm-thick patterned, (d) 10 µm-thick unpatterned Parylene C constructs. Green-mouse anti α
tubulin antibody. Blue-nuclei stain Hoechst 33258. Bars 10 µm. (e) Quantification of microtubules.
Error bars indicate SEM. n represents the number of constructs. *p <0.05, ***p <0.001 (Data derived
from 6 isolations).
4.4.2.5 Free-standing micro-patterned Parylene C films as flexible culture substrates
The technology for micro-patterning Parylene C was able to deliver free-standing thin films, towards
establishing cell scaffolding on flexible support substrates. In this section, Parylene C films within
the range of 2-10 µm thickness were produced and cultured with NRVM according to protocol 2. A
major limitation using stand-alone membranes with the current recording setup is introduced due
to the use of the inverted microscope during optical mapping. The inverted microscope requires
the floating membranes to be as close as possible to the bottom of the container dish in order to
achieve sufficient focus on the cells. Since the stand-alone membranes - especially the thinnest ones
- were floating inside the cell medium, they were probably mishandled to a certain extent during
this effort. For this reason, areas at the boundaries of the films were excluded from the statistical
analysis. Preliminary results on Ca2+ transients presented below are based on the number (n) of
areas.
Similarly to previous results on micro-patterned Parylene-coated glasses, NRVM cultured on
free-standing patterned Parylene C films demonstrated significant improvement in terms of Ca2+
cycling (f/f0, T50 and T90) at 2 Hz field stimulation compared to unstructured cultures (fig.
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4.25(a)). Representative Ca2+ transients are shown in fig. 4.25(b). Corresponding results at 0.5
and 1 Hz field stimulation are provided in Appendix A (fig. A.5 and A.6).
Figure 4.25: (a) Fluorescent amplitude (f/f0), time to peak (Tp), 50% decay (T50), and 90% decay
(T90) of the Ca2+ transients of NRVM cultured on 10 µm-thick patterned (red) and unpatterned
(blue) (400 W/5 min) Parylene C free-standing films at 2 Hz field stimulation. Error bars indicate
SEM. *p <0.05, **p <0.01 (Data derived from 2 isolations). (b) Representative Ca2+ transients.
Effect of substrate elasticity and flexibility on Ca2+ cycling of NRVM on micro-
patterned Parylene C films
The ability of a material to return to its normal state after being stretched or compressed defines its
elasticity. Elasticity is an inherent property of the material characterised by the Young’s modulus
and is independent of its size (area or thickness). On the other hand, flexibility (or stiffness) is the
ability of a material to bend upon force exertion. Naturally, thinner films are able to bend more
than thicker films under the same magnitude of stress.
The effect of flexibility and elasticity of the substrate on the Ca2+ cycling of structured
NRVM cultures was studied using cell populations on patterned Parylene-coated glass surfaces and
free-standing Parylene C films of distinct thicknesses (2-10 µm). All constructs were coated with
collagen and the NRVM were cultured according to protocol 2. The results presented in this section
are derived from experiments conducted out of two isolations.
Fig. 4.26 summarises the results at 2 Hz field stimulation. There is a clear trend that
normalised fluorescent amplitude and Tp are improved in the free-standing films, particularly as
film thickness decreases (<6 µm). However, statistical analysis showed significant difference (p
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<0.01) only for fluorescent amplitude for cells on the 6 µm-thick membranes, which is probably
attributed to the small sample size (n). In contrast, time release parameters (T50 and T90)
appeared significantly larger for the stand-alone membranes at all film thicknesses. Similar trends
were observed at 0.5 and 1 Hz field stimulation and are presented in Appendix A (fig. A.7 and
A.8).
Figure 4.26: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glasses (G) and free-standing films (F) of distinct thicknesses at 2 Hz field stimulation. Error
bars indicate SEM. *p <0.05, **p <0.01 (Data derived from two isolations).
Furthermore, the substrate flexibility was manipulated by employing free-standing Parylene
C films of distinct thicknesses (2 and 10 µm) and the effect on the Ca2+ handling of NRVM was
studied. The micro-patterned substrates were collagen-coated and cultured according to protocol
2. The results are derived from experiments conducted out of two isolations.
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Preliminary data shown in fig. 4.27 indicate that there is no significant difference between
the two groups apart from T50, which was significantly improved (p <0.05) for cells on thick
membranes. However, at 0.5 and 1 Hz field stimulation (fig. A.9 and A.10 of Appendix A) there
was not any significant difference in any of the Ca2+ cycling parameters.
Figure 4.27: Ca2+ cycling properties of NRVM cultured on free-standing H/H patterned (400 W/5
min) Parylene C films at 2 Hz field stimulation. Error bars indicate SEM. *p <0.05 (Data derived
from two isolations).
Substrate stiffness has been previously reported to affect the functional maturation of NRVM
[55, 56]. In these studies cells were cultured on polyacrylamide hydrogels with varying Young’s
moduli (1-144 kPa). Interestingly, myocytes seeded on the substrates with stiffness similar to
native myocardium (10 kPa) demonstrated larger elongation and striation [55, 56], larger Ca2+
transients [55] and high contractile force development [55, 56]. Several studies have shown a marked
effect of the substrate elasticity on cellular structure and function; cell migration and motility was
affected on PDMS substrates with tunable elasticity [57]. Differential morphology and motility
responses of stem cells on micro-patterned PDMS substrates in response to the substrate rigidity
and microtopography has been reported in [58]. Evidence from ESC encapsulated in 3-D scaffolds
made of PEG hydrogels of different moduli also suggest that substrate stiffness is important in
determining the cellular phenotype [59].
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The preliminary results demonstrated in this section suggest that the deployment of more
elastic and flexible substrates (free-standing Parylene C films versus Parylene-coated glasses) allow
improvement of certain parameters of the Ca2+ cycling of structured NRVM (f/f0 and Tp). How-
ever, at the level of elasticity of Parylene C (∼2.76 GPa [8]), manipulating the flexibility in terms
of changing the film thickness does not have any significant effect on the cellular Ca2+ physiology.
Nevertheless, due to the small sample size (n) and the fact that the stand-alone films were probably
mishandled during optical recordings, further biological study should be performed with an upright
microscope to confirm the observations presented here.
4.5 Summary
In this chapter, Parylene’s inherent hydrophobic properties were benchmarked and the effect of
oxygen plasma on the surface water affinity, surface nanotopography and chemical composition of
such films was thoroughly investigated.
Plasma oxidation of the Parylene C surface introduces oxygen, as shown by the XPS spec-
trum, while it increases the surface roughness according to AFM measurements. The hydrophilicity
of Parylene C films was evaluated through static contact angle measurements and was found to
increase with power for fixed exposure time. On the other hand, a prolonged treatment at a fixed
power also improved the surface hydrophilicity, but results were significantly more pronounced
only at higher power values. Parylene C exponentially restores its hydrophobic nature after oxida-
tion over the long-term to approximately 20-60% of its initial state independently of the process
parameters. Therefore, high power-short time treatments may have immediate results in Pary-
lene’s hydrophilicity than low power-long time treatments, however, in the long term both cases
demonstrated indistinguishable water surface affinity levels. Parylene’s hydrophobicity was found
to increase with thickness, and as such, larger power and/or exposure time are needed to induce
the same extent of hydrophilicity to thicker films. The etching of Parylene C films when exposed
to oxygen plasma was also assessed through correlations with distinct power values.
Moreover, this study presented a simple, reliable and versatile technique to selectively mod-
ify the hydrophobicity of Parylene C films with µm-resolution through standard lithography and
plasma oxidation. The micro-engineered Parylene C constructs were evaluated as culture scaffolds
for NRVM and adult rat ventricular fibroblasts to produce anisotropic cardiac cultures and improve
the Ca2+ physiology of the neonatal cardiomyocytes. The scaffolds induced the self-alignment of
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ECM compounds (collagen and fibronectin) on the hydrophilic areas and therefore of the cells,
which demonstrated significant elongation compared to typical unstructured cultures. Ca2+ cy-
cling properties of the NRVM measured at rates of stimulation 0.5-2 Hz were significantly modified
with a shorter time to peak and time to 50% and 90% decay and a larger fluorescence amplitude
(p <0.001).
The thickness of the Parylene C substrate, which is associated with the degree of the surface
hydrophobicity, did not affect the NRVM alignment or the cellular Ca2+ function. Nevertheless,
it influenced the morphology and position of the cells on the culture substrate. NRVM cultured
on thick (10 µm) Parylene C membranes were mostly constrained within the hydrophilic lines
and had a more cylindrical in vivo-like cell shape. On the other hand, cells on thin (2 µm)
membranes were more likely to bridge across the hydrophobic lines, resulting in a more spread-out
shape. This particular cellular morphology was linked with an increased density and organisation of
microtubules within the cardiomyocyte, which was found to be more pronounced in the structured
cultures and particularly in cells on the thick micro-patterned Parylene films. This structure is
close to what is naturally observed in adult rat cardiomyocytes and potentially implies a more
matured myocyte.
The developed technology was also able to produce free-standing micro-patterned Parylene
C films of distinct thicknesses (2-10 µm) to study the effect of the substrate elasticity and flexibility
on the Ca2+ function of NRVM. Preliminary results indicate that structured cells on free-standing
Parylene C films had larger fluorescent amplitude and faster time to peak compared to cells on
Parylene-on-glass substrates at all film thicknesses. Ca2+ transients did not significantly differ be-
tween structured cultures on thin and thick stand-alone films, however, further biological validation
is needed to conclude with certainty.
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Chapter 5
Electrical monitoring of structured
cell culture systems
5.1 Introduction
T
HE heartbeat is dependent on the propagation of electric waves through the cardiac muscle.
Disturbance of this electric wavefront can cause arrhythmias and death. The anisotropic
structure of cardiomyocytes in native tissue forces the action potential wave to propagate faster
in the longitudinal fibre direction (fig. 5.1). Therefore, the conduction velocity (CV) is higher
along the direction of the long axis of the myocytes (longitudinal CV - LCV) and slower in the
transverse direction (transverse CV - TCV). The longitudinal-to-transverse velocity anisotropy ratio
(LCV/TCV) is an index of anisotropy and is calculated as the maximum to minimum conduction
velocity of a tissue or culture. As a reference, average conduction velocity in healthy adult rat
ventricles has been reported to be 32-44 cm/s in the longitudinal direction [1, 2], with an anisotropy
velocity ratio as high as 2.9 [3]. In contrast, action potential in standard unstructured cell cultures
propagates isotropically, with average conduction velocity of cultured NRVM ranging within 21.2-
24.8 cm/s [4, 5]. Obviously, standard cell culture systems cannot account for real tissue behaviour
and hence cannot be used as reliable cell models in drug screening and disease modelling studies.
Anisotropic conduction is determined by the length/width ratio and connectivity of cardiac
myocytes, thus it is important for all structuring scaffolds to induce sufficient cell alignment and
promote the formation of gap junctions between the cells in vitro to facilitate the propagation of
the electrical signal across the culture. Several studies reported in the literature have examined
the electrophysiology of structured cell cultures either optically through voltage-sensitive dyes and
fluorescent microscopy or using microelectrodes to record extracellular action potentials. Optical
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imaging was performed in structured NRVM on microabraded PVC and fibronectin micro-stamped
glasses to investigate the effect of pattern on the longitudinal and transverse conduction velocity [4].
In both cases, the anisotropy of the engineered cardiac tissue increased the longitudinal to transverse
ratios compared to typical unstructured cultures. Moreover, optical mapping was employed in a
series of studies to examine impulse propagation in engineered strands of NRVM and measure the
duration and amplitude of action potentials and the conduction velocity, which were all improved
compared to unstructured cell cultures [6–8]. Furthermore, microcontact printing of fibronectin on
a commercially available MEA achieved guided excitation of cardiomyocytes in NRVM stripes [9].
Figure 5.1: Structure-function relation in isotropic and anisotropic cardiac cultures. Arrow indicates
longitudinal fibre direction in anisotropic culture. Bottom row: corresponding isochrone maps of
electrical propagation initiated by unipolar point stimulus at culture centre (pulse symbol). UL and
UT are the longitudinal and transverse velocity.
As mentioned in chapter 3, monitoring action potential activity of the culture electrically
using MEAs is advantageous comparing to fluorescent dyes, since it performs measurements non-
invasively and, therefore, prolongs the lifetime of the culture. Another important aspect when
developing biosensors is to maintain compatibility with existing monitoring equipment that has been
the state-of-the-art in every research laboratory both in pharmaceutical industry and in academic
institutions. This will ensure the widespread dissemination and exploitation of the developed
technology, and will bridge the gap between research and commercialisation. Such commercially
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available systems are well-optimised equipment (amplifiers, filters, external triggers), which are
suitable to use with a variety of MEA implementations.
In this chapter, the patterning technology presented in chapter 4 is transferred to commer-
cially available MEAs to implement a reusable and versatile tool for action potential propagation
and conduction velocity studies. Section 5.2 describes the methodology to micro-engineer com-
mercially available MEAs and the experimental protocols to assess the developed tool. Section 5.3
presents the results derived from the evaluation of the MEAs in terms of electrical functionality
(electrode impedance and noise) and conduction velocity of the cell culture. Particular emphasis is
placed on the reusability of the MEA dishes in order to maintain the cost at low levels and ensure
the versatility of the proposed method.
5.2 Materials and methods
5.2.1 Fabrication of micro-engineered MEAs
For this study commercially available MEAs (60EcoMEA-Glass-w/o, Multichannel-Systems GmbH,
Germany) were employed comprising an array of 59 circular gold electrodes (100 µm in diameter
with 700 µm spacing) and one internal gold reference electrode with SU-8 insulated tracks (fig.
5.2(a)-(b)). The fabrication process is outlined in fig. 5.2(c). The MEAs were cleaned with ACE
(Sigma), IPA (Sigma) and DI water, blown dry with nitrogen and dehydrated at 90oC for 90
s. The pads were covered with adhesive tape and the MEAs were subsequently coated with 1
µm of Parylene C as previously described. HMDS (Sigma) was applied before a thin layer (∼2
µm) of positive photoresist AZ5214E (Sigma) was spin-coated on the Parylene-coated MEAs. The
samples were then soft baked on a hotplate at 90oC for 90 s, selectively exposed to UV light for 60
s through a chrome-plated glass mask consisting of transparent areas with parallel 10/10 µm lines.
The samples were subsequently developed in AZ400k (4:1 DI water - AZ400k) (Sigma) for 20 s to
remove the exposed photoresist. Parylene was then plasma etched with an Inductively Coupled
Plasma (ICP) oxide etcher (OPT 100 ICP 380, Oxford Instruments) at 1000 W for 3 min and 20
s at a working pressure of 10 mTorr, 50 sccm O2 flow and 0
oC temperature. To achieve isotropic
(conformal) removal of Parylene C and optimise vertical etching, oxygen plasma was performed
at a very low pressure (10 mTorr), while oxygen ions were adequately accelerated and directed
using a radio frequency (RF) power of 20 W , resulting in an ICP bias voltage of approximately 105
V . Before inserted into the plasma etcher, samples were prebaked on a hotplate at 110oC for 90
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s for hardening the protective photoresist mask. After plasma etching the remaining photoresist
was removed through immersing the MEAs into ACE, IPA and DI water. A stripped pattern of
SU-8/hydrophobic Parylene was created on top of the insulating tracks and accordingly a pattern of
Au/hydrophobic Parylene on top of the electrodes (fig. 5.2(d)). All MEAs were placed on the mask
aligner in the same way, with the reference electrode positioned on the left resulting in horizontal
hydrophilic/hydrophobic lines. For the control group, standard non-processed MEAs were used.
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(v)
(vi)
(ii)
(iv)
Mask
Commercial MEA
Lithography
Parylene C deposition
Micro-engineered MEA
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50 μm
Figure 5.2: (a) Commercially available MEAs used in this study. (b) Layout of electrode array. (c)
Cross-section of the fabrication process. (d) Overview of single electrode of a micro-engineered MEA.
5.2.2 Cardiomyocytes isolation and culture
NRVM were isolated and cultured according to protocol 2 described in detail in section 4.4.1.2.
After sterilisation, a silicon ring (previously sterilised through immersion in 70% ethanol and left
to dry) was sealed on the centre of the MEA dish surrounding the recording area (4.9 × 4.9 mm)
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to facilitate collagen coating and cell culturing. Approximately 200.000 cells in 40 µl cell medium
were seeded on the recording area at identical densities per MEA. All seeded MEAs were then
incubated (37oC, 5% CO2) for half an hour to facilitate cell adhesion on the surface. The ring was
then filled with cell medium (700 µl) and placed again in the incubator. Complete medium was
changed every other day. All experiments were performed at day 4 post-seeding.
5.2.3 Electrophysiological recordings
Particular attention was paid on the formation of uniformly anisotropic and isotropic cultures, so
that cell monolayers had no anatomical discontinuity caused by under-confluence of cells. Before
recording, cell cultures were assessed under the microscope and discarded if not fully confluent.
Electrophysiological recordings of the cells were performed using a 60 channel pre- and filter am-
plifier (MEA1060-Inv, Multichannel systems GmbH, Germany) and a USB data acquisition system
(USB-MEA64-System, Multichannel systems GmbH, Germany) at a sampling frequency of 25 kHz.
Point-stimulation of cells was realised through application of voltage-driven electrical stimulation
through a 2-channel general-purpose stimulus generator (STG2004, Multichannel systems GmbH,
Germany). Stimulation was achieved using a bipolar voltage pulse with total duration 2 ms and
amplitude ranging from 1400-4000 mV peak to peak. Data acquisition and setup of the stimula-
tion electrodes were achieved with the use of dedicated software (MC Rack and MC Stimulus II,
Multichannel systems GmbH, Germany). During recordings, the cell culture was kept in warmed
(T=37.1oC) cell culture medium (67% DMEM, 16% medium-199, 10% horse serum, 4% FBS, 2%
1 M HEPES and 1% penicillin-streptomycin).
5.2.4 Experimental protocol
Cultures were equilibrated for at least 5 min, and a 10 s-recording was made in the absence of
electrical stimulation to check for spontaneous activity and assess the presence of active cells on
the electrodes. A bipolar voltage pulse was used to stimulate each time an electrode at the edge
of the electrode grid (electrodes 1x, x1, 8x, x8, 22, 27, 72, 77). This approach was adopted in
order to ensure maximum distance over the signal propagation and increase the reliability of the
measurements. Voltage and stimulation frequency were adjusted for each MEA dish according to
the spontaneous beating frequency of the culture, so that the cells follow the applied stimulus.
Action potentials were recorded from 59 sites and activation time and corresponding isochrones
were produced using software written in MATLABr kindly provided by Mike Debney.
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5.2.5 Data analysis
The activation time was defined as the instant of maximum negative slope of the action poten-
tial. Knowing the interelectrode distance, conduction velocity between two electrodes on the same
direction line was calculated as the interelectrode distance over the difference in activation time
of the signals acquired from the two electrodes. Average conduction velocity for each MEA dish
was calculated along four distinct directions relatively to the position of the reference electrode; a)
horizontal, b) vertical, c) diagonal (clockwise) at 45o and d) diagonal (anticlockwise) at -45o. For
horizontal direction measurements, electrodes 1x, 8x, 21, 71, 28, 78 were stimulated one-by-one
and the signals were recorded each time along the corresponding lines. For vertical propagation
electrodes x1, x8, 12, 17, 82, 87 were stimulated. Fig. 5.3 shows an indicative example of one
such measurement to calculate conduction velocity along column 5. Electrode 58 is stimulated and
the signals are recorded along this column. Knowing the distance between electrodes 57 and 51
(in this case 4.2 mm), conduction velocity is calculated. To calculate conduction velocity along
the diagonal direction (45o to the reference electrode), electrodes 12, 13, 14, 21, 22, 31, 41, 58,
68, 77, 78, 85, 86, 87 were stimulated. Finally, to calculate conduction velocity along the diagonal
direction (-45o to the reference electrode), electrodes 16, 17, 27, 28, 38, 48, 61, 71, 72, 82, 83, 84
were stimulated.
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Figure 5.3: Example of calculating conduction velocity along column 5: electrode 58 is stimulated
and signals from electrodes 57 and 51 are used to calculate activation time.
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5.2.6 Immunofluorescence
Immunofluorescent staining was used to assess the density and alignment of the cells on the MEAs.
The cells were washed thrice in PBS (Oxoid) and fixed in ice cold methanol for 5 min. Subsequently,
the cells were blocked in 1% BSA (Sigma) for 30 min at room temperature. Wheatgerm agglutinin
(Sigma) was diluted in 1% BSA (1:20). BSA was removed from the cells and wheatgerm agglutinin
was added for 45 min at room temperature in the dark. The cells were subsequently washed in
PBS three times. Nuclear DNA was stained using 1 µl DAPI (Invitrogen) in 1 ml PBS for 10
min at room temperature in the dark. Finally, the cells were washed thrice in PBS and mounted
in Citifluor mountant (Agar scientific) using a large glass coverslip. Staining and imaging was
performed by Eleanor Humphrey under the direct supervision of Tatiana Trantidou.
Cellular alignment was assessed based on the angle of the major elliptic axis of individual
nuclei with respect to the direction of the patterning. The nuclear angles were measured using
built-in functions of a dedicated image processing software tool (Fiji, NIH, Baltimore).
5.2.7 Electrode impedance measurements
The electrical functionality of the MEAs before and after processing was assessed through mea-
surements of the impedance of the micro-electrodes. Electrode impedance measurements were
performed using an impedance analyser (COMPACTSTAT, Ivium Technologies) and appropriate
software (Soft. rel. 2.2.18, Ivium Technologies). A four-electrode configuration is provided by
the system (working, sensing, counter and reference electrode), but in this study a two-electrode
configuration was employed, connecting the working with the sensing electrode and the reference
with the counter electrode. Impedance of each electrode was measured in the range of 10 Hz-1
MHz (applying a signal of 10 mV ) in conductive solution (PBS) versus an Ag/AgCl bath electrode
(CHI11P, IJ Cambria Scientific Ltd). Before performing the impedance scan, the open-circuit po-
tential (OCP) was recorded to ensure that no current passes between the working and the reference
electrode that will polarise the latter. The OCP is a indication of the chemical composition of the
interface and it can be used for quality control of the initial interface conditions. Average OCP
values for electrodes of non-processed and processed MEAs were 0.325 ± 0.054 V and 0.270 ± 0.083
V respectively.
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5.2.8 Statistical analysis
Statistical analysis of cellular alignment was performed with Prism 4 software (GraphPad software
Inc) using an unpaired t-test (two-tailed) with a confidence interval of 95%. Data in fig. 5.10 are
expressed as mean ± SEM. *** indicates p <0.001.
5.3 Results and discussion
5.3.1 Electrode characterisation
The electrical functionality of the micro-engineered MEAs was characterised in terms of electrode
impedance and noise levels. In a confluent culture, recording the electrical signal from a single
electrode depends on the electrode material and size. The material defines the sensitivity of the
electrode to capture voltage changes in the area. The electrode size determines how many cells
will generate a collective signal that will be recorded. The larger the electrode the more the cells,
resulting in a collective signal of larger amplitude. In this study, we intentionally selected MEAs
with large gold electrodes to maintain a larger surface area and lower impedance and noise levels
relatively to smaller electrodes.
5.3.1.1 Electrode impedance
When an electrogenic cell generates an action potential above an electrode, ions flowing across the
cell membrane induce a charge redistribution on the electrode. The frequency of these signals for a
cardiomyocyte has been reported to be within a bandwidth of 16 Hz-6 kHz [10, 11]. Consequently,
in this section impedance measurements for electrodes before and after processing are presented
within this frequency bandwidth. Fig. 5.4 demonstrates representative graphs of the impedance
modulus and phase of a single electrode before and after the MEA was processed. Typically,
manufacturing companies provide impedance references for microelectrodes around an intermediate
frequency, usually 1 kHz. Table 5.1 presents impedance measurements at 1 kHz performed on a
newly purchased MEA before any processing, immediately after processing and after it was used
for the first time with cells. According to the manufacturing company (MCS), these MEAs usually
have an impedance of approximately 30 kOhms at this frequency [12], however, brand new MEAs
are often hydrophobic and require a plasma treatment before first use. Therefore, the impedance
of the electrodes is initially higher than referenced.
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Figure 5.4: Representative electrode impedance measurements versus frequency: (top) impedance
modulus and (bottom) phase of a single MEA electrode (a) before and (c) after processing.
Table 5.1: Electrode impedance measurements (kOhms) at 1 kHz.
Before processing 1 After processing 2 After first use 3
Impedance (Z) 64.026 ± 8.888 324.390 ± 115.830 112.170 ± 39.412
Resistance (Re(Z)) 17.157 ± 1.731 158.850 ± 52.807 23.406 ± 11.469
Reactance (Im(Z)) -61.621 ± 9.156 -278.670 ± 114.090 -109.400 ± 38.577
1 Average from 56 electrodes.
2 Average from 49 electrodes.
3 Average from 56 electrodes.
From table 5.1 it is evident that the average electrode impedance has increased almost 5-fold
after processing. The introduction of Parylene C areas on top of a metal electrode results both in
an extra resistance, which is responsible for an increase in the electrode thermal noise, but also to
an extra capacitance. Despite the rise of the impedance levels, recording and stimulation was still
possible using bipolar pulses of larger amplitude (2800-4000 mV instead of 1400-2000 mV peak to
peak).
Based on these measurements, the time delay of the acquired signal can be calculated at 1
kHz according to the following equation:
∆t =
ϕo
360o · f (5.1)
In equation 5.1, ∆t is the time shift of the signal, ϕ is the phase angle in degrees and f
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is the frequency of AC voltage applied across the electrode-cell interface. At 1 kHz the average
absolute phase angle of the micro-engineered electrodes is 0.8o, and therefore the calculated time
delay of the recorded signal is approximately 0.002 ms, which is negligible.
5.3.1.2 Noise
The noise levels of the MEA depend on the electrode size and material, which further define the
electrode impedance. The smaller the electrode, the higher the impedance and, therefore, the
higher is the noise level. According to the supplier’s specifications, the total maximum noise level
for Eco-Glass MEA and the amplifier should be ±10 µV [12]. Fig. 5.5 presents signal recorded
from a single electrode of NRVM on a MEA dish before and after processing. The baseline noise of
micro-engineered electrodes remains within the range ±20 µV . Besides, the dynamic range of the
acquired electrical signal is such that enables recordings even after introducing Parylene C stripes
on top of the gold electrodes.
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Figure 5.5: Electrical recordings from single electrode before (top) and after (bottom) processing,
indicating the signal generated by NRVM. Unfiltered data.
5.3.2 Application with cells
5.3.2.1 Cell alignment
NRVM seeded on collagen-coated standard MEA dishes did not show any particular alignment,
as shown in fig. 5.6(a)-(b). NRVM seeded on the collagen-coated micro-engineered MEAs aligned
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sufficiently to the direction of the lines throughout the electrode grid, as demonstrated in fig.
5.6(c)-(d).
Figure 5.6: (a)-(b) Bright-field images of NRVM cultured on standard (unpatterned) MEAs. (c)-
(d) Immunofluorescence images of NRVM cultured on patterned MEA dishes stained for plasma
membrane (green-wheatgerm agglutinin) and nuclear DNA (blue-DAPI). Bars 50 µm.
5.3.2.2 Conduction velocity
Conduction velocity was calculated along four directions of measurement (horizontal, vertical and
diagonal 45o and -45o) relatively to the internal reference electrode. Four standard unpatterned
MEAs served as the control group, while two micro-engineered MEA dishes were used as the
patterned group. In four analysed isotropic monolayers conduction velocity along the four distinct
directions was at similar levels (fig. 5.7). The corresponding velocity propagation profile revealed
circular isochrones, showing uniform, smooth propagation throughout the culture (fig. 5.8), which
agrees with previously reported studies [4]. It should be noted that isochrones were produced
using the maximum number of available electrodes (at least 50 for each case). In cases where
electrodes did not record analysable signals due to noise, missing contacts or large stimulus artefact,
linear propagation was assumed and the activation time of the electrode was calculated through
interpolation between the two neighbouring electrodes. Fig. 5.9 shows indicative traces of NRVM
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Figure 5.7: Conduction velocity (mean ± SD) of NRVM on unpatterned and patterned MEAs.
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Figure 5.8: MEA layout and corresponding isochrones of NRVM on unpatterned (control) and
patterned MEAs when the culture was stimulated from a single microelectrode.
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on a patterned MEA dish recorded in 8 × 8 array format.
Figure 5.9: Representative traces (cut-off at 400 µV ) of NRVM cultured on a 8 × 8 electrode grid
of a patterned MEA dish when culture was stimulated by electrode 14.
Table 5.2: Average conduction velocity (cm/s) along four directions of measurement.
Direction Control
MEA 1
Control
MEA 2
Control
MEA 3
Control
MEA 4
Patterned
MEA 1
Patterned
MEA 2
= 24.64±1.12 24.34±3.66 24.93±2.74 21.56±1.84 33.71±3.14 40.53±4.79
‖ 26.02±3.00 25.59±2.41 24.78±3.80 21.17±2.08 18.34±2.18 26.48±3.40
\\ 25.63±1.20 21.82±3.58 24.16±2.89 20.26±0.80 21.84±2.33 28.91±2.07
// 24.17±1.13 23.80±2.28 24.18±2.36 20.07±0.83 21.56±1.53 30.28±2.56
LCV/TCV 1.08 1.17 1.03 1.07 1.84 1.53
Cell elongation and coalignment on the micro-engineered MEAs induced by oriented cell
growth was followed by the fastest impulse propagation along the direction of the pattern (horizon-
tal) as indicated in fig. 5.7. Conduction velocity along the transverse fibre direction was slower than
the diagonal directions, supporting elliptical isochrones (fig. 5.8). Table 5.2 reports the average
conduction velocity ± SD along four directions of measurement for NRVM on control and patterned
MEA dishes. LCV/TCV was substantially larger for NRVM on patterned MEA dishes compared
to control, indicating the production of anisotropic cardiac cultures. In particular, the average
anisotropy ratio (1.69) was comparable to ratios derived from other models of engineered neonatal
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cardiac cultures (1.89-2.34) [4, 5]. The average longitudinal conduction velocity of the cells on the
micro-patterned MEAs (37.16 cm/s) compared well with those reported for micro patterned NRVM
using a variety of structuring methodologies, such as photolithographic techniques (39 cm/s) [6],
microstamping of fibronectin lines (36.4 cm/s) [4], coarse microabrasion of glass substrates (37.2
cm/s) [4], brushed collagen-coated coverslips (34.6 cm/s) [5] and microgrooved agar surfaces (30
cm/s) [13]. In addition, average conduction velocity for isotropic monolayers (23.57 ± 2.99 cm/s,
n=4 cultures) was intermediate between average values for TCV (22.41 ± 4.62 cm/s, n=2 cultures)
and LCV (37.16 ± 4.75 cm/s, n=2 cultures), which is in agreement with previous studies for the
same cell type in vitro [4, 14] and ex vivo [1].
5.3.3 Reusability
Reusability of the micro-engineered MEAs is paramount, taking into account the cost of a single
MEA (£184 per dish for 60EcoMEA-Glass-w/o). Reusability of the micro-fabricated platforms will
ensure a low-cost and versatile tool for the biologically-oriented researchers, serving as an off-the-
shelf component for electrophysiological studies. The proposed technique is advantageous, as the
MEAs can be reused after peeling-off the Parylene membrane and repeating the fabrication process.
However, in this section the effectiveness of using the micro-engineered MEAs in two consecutive
cultures was validated. The reusability of the MEAs was quantified in terms of a) impedance,
b) cellular alignment and c) conduction velocity. By the end of the first experimental week, the
MEAs were washed thoroughly with water to remove the cells on their surface. Impedance was
measured again to evaluate the electrical functionality of the electrodes. Subsequently, the MEAs
were cultured with NRVM in the same way as described previously. Electrical recordings were
conducted similarly. Finally, cell alignment was employed as a means to evaluate the patterning
efficiency of the reused MEAs.
Electrode impedance
Table 5.1 (fourth column) presents the average impedance after the first use with cells. The
measured value is lower than the initial average impedance of the electrodes after processing and
before cell culturing. This is potentially attributed to two main reasons; first, the application of
voltage biases to electrodes embedded within a thin layer of Parylene C causes a local electrowetting
on-dielectric effect, which switches Parylene’s surface from a hydrophobic to a hydrophilic state
[15]. This change in hydrophilicity is due to dielectric breakdown of the Parylene layer, which
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is associated with a rapid reduction in the material’s resistance. Another possible reason for
the noticeable decrease in impedance is the fact that the MEAs were maintained in water-based
environment (cell medium) for one week during cell culturing, which increases the hydrophilicity
of the exposed electrode areas according to the manufacturer [12], and gradually lowers their
impedance.
(b)(a)
(c)
Figure 5.10: Immunofluorescence images of NRVM cultured on (a) freshly fabricated and (b) reused
patterned MEA dishes stained for plasma membrane (green-wheatgerm agglutinin) and nuclear DNA
(blue-DAPI). Bars 50 µm. (c) Quantification of cellular alignment. Error bars indicate SEM. n
represents the number of cells. ***p <0.001.
Cell alignment
Cell alignment was quantified using immunofluorescent staining and confocal microscopy. Fig. 5.10
presents representative fluorescent images from NRVM cultured on (a) freshly fabricated MEAs and
(b) reused MEAs (2nd time). The deviation of the nuclear angles from the direction of the pattern
was assessed with appropriate image processing software (Fiji, NIH, Baltimore) and results are
presented in fig. 5.10(c). Cells on the reused MEA dishes were less aligned (p <0.001) than cells
cultured on the freshly fabricated MEAs. This observation was more prominent for cells sitting
on top of the electrodes which is well-justified by the electrowetting on-dielectric effect previously
mentioned [15]. Consequently, there is no distinguishable hydrophilic/hydrophobic pattern to selec-
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tively absorb the attachment factors and provide guidance for the cells. Apparently in the absence
of such a pattern, the depth of the grooves in this layout (∼1 µm) is not sufficient to force the cells
to align. This conclusion is in agreement with studies that employed structure constructs, such as
micro-grooved PDMS, where it was reported that a depth of at least 4 µm is essential to achieve
sufficient cell patterning [16].
Conduction velocity
Mico-engineered MEAs that were reused in two consecutive cultures exhibited only small variations
in conduction velocity, as shown in fig. 5.11. LCV was still faster (32.51 ± 3.179 cm/s) compared to
all other three directions, while TCV (24.01± 1.496 cm/s) was still the slowest impulse propagation.
Figure 5.11: (left) Conduction velocity (mean ± SD) of NRVM on patterned MEA which was reused
for the second consecutive time. (right) Representative isochrones of reused and freshly fabricated
MEAs.
5.4 Summary
In this chapter, the patterning technology developed in chapter 4 was transferred to commercially
available MEAs (Multi Channel Systems GmbH) to produce controlled anisotropy in centimeter-
sized monolayer cardiac cells. The proposed approach aims to deliver application-specific MEAs,
which can be readily employed with current state-of-the art read-out systems used in pharma-
5.4 Summary 154
ceutical industry and academic research laboratories for electrophysiological studies of biomimetic
tissue. The electrical functionality of the micro-engineered MEAs was assessed in terms of electrode
impedance and noise levels. The micro-fabricated MEAs promoted anisotropic NRVM cultures, re-
sulting in conduction velocity profiles closer to native heart tissue. In particular, conduction velocity
along the direction of the long axis of the structured myocytes was substantially larger compared
to all other three directions (transverse, diagonal 45o and -45o). Longitudinal-to-transverse ve-
locity anisotropy ratios considerably increased for structured cell cultures (1.69, n=2 versus 1.09,
n=4). The micro-engineered MEAs were reused in two consecutive cultures and exhibited only
small variations in conduction velocity, while the electrical functionality of the electrodes was not
affected.
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Chapter 6
Parylene-based Chemical Sensors for
pH Monitoring
6.1 Introduction
T
HE extracellular environment of a cell culture can reveal important information about the
chemical activity of the cell units, which is tightly connected with their health status, growth
and function. A plethora of metabolic compounds can be detected by a biosensing system; ions that
are indicators of important cell functions, such as H+, K+, Na+ and Ca2+, neurotransmitters,
metabolic waste products (e.g. carbon dioxide, lactate, ammonia) and many more. Because cell
metabolism activity has been associated with acidification of the extracellular medium, particular
focus has been placed on the development of pH sensors. Sensing extracellular H+ concentrations
is also pivotal, since pH is an important indicator in many cellular events such as cell growth and
apoptosis [1, 2].
Many cell-based biosensors have been developed to detect changes in pH, such as fluorescent
probes, ISFET-based systems and single ion selective electrodes. While optical assays provide infor-
mation about true intracellular activity, electrochemical sensors have the advantage of performing
rapid, high sensitivity and selectivity, long-term monitoring without being toxic to the cells. In
addition, these sensors can be modified to monitor a large variety of analytes through appropriate
functionalisation of their sensing membrane (e.g. through enzyme coating).
The high biocompatibility of Parylene C with tissue and biomolecules encourages its em-
ployment as a cell culture substrate, with many interesting applications as shown in chapter 4. On
the other hand, the material’s mechanical robustness (Young’s modulus 2.76 GPa [3]) facilitates
free-standing thin films (down to 1 µm) that can be easily manipulated to serve as flexible cell
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culture substrates. In fact, many studies have engaged the material as a flexible support substrate
to accommodate the electronics of implantable sensors for neural stimulation and recording [4]
and monitoring of glaucoma patients’ intraocular pressure [5], as well as in stretchable implemen-
tations of chemical sensing arrays [6]. Besides all these interesting features, Parylene’s excellent
encapsulation properties have made the material extremely appealing in applications where the
encapsulation integrity of the sensor needs to be superior [7, 8]. Parylene has also been employed
together with ISFETs to suppress their pH sensitivity and serve as a solid state reference electrode
(REFET) for differential ISFET/REFET measurements. The concept of the Parylene REFET has
been introduced by Matsuo [9], who attempted to deposit a thin film of Parylene on a Si3N4-gate
ISFET in order to render it chemically inert. Nonetheless, the pH response of the Parylene-gate
ISFET showed a maximum sensitivity of 28 mV /pH below pH 4, whereas for larger pH values
the sensor was ion insensitive. Chemical modification of Parylene’s surface with crown ether com-
pounds was also implemented to examine the K+ sensitivity of the REFET, nevertheless, problems
such as decreasing ionic sensitivity response over time and large drift were reported. Fujihira and
colleagues [10] attempted to enhance the encapsulation quality of Parylene N in chemically sensitive
FETs (CHEMFETs) by experimenting with different cleaning procedures and chemical treatments
of Si3N4 before Parylene deposition, and also through esterification of the Parylene’s surface acids
(mostly carboxyl and hydroxyl groups). They demonstrated a decrease of Parylene’s pH sensitivity
to 4 mV per decade pH within the range of pH 4-10 and even lower outside this range. Nonetheless,
the stability of the Parylene REFET was highly subject to contamination and/or surface chemical
reactions, which further compromised the accuracy of the ISFET/REFET system.
Inspired by the technique based on the selective hydrophilic modification of Parylene C,
pH sensors based on such films were developed and are presented in this chapter, highlighting
their ability to be integrated with the patterning technology previously developed. The motivation
behind this effort lies in the fact that local immobilisation of cells and biomolecules could also
enable the comprehensive interrogation of the cellular metabolism. Based on this idea, Parylene C
is exploited in a dual way both as an encapsulation material and as a H+ sensing membrane within
the same platform. This approach is also displayed with stand-alone flexible Parylene membranes
performing spatiotemporal pH recordings.
The Parylene-based pH sensors were evaluated through discrete MOSFETs using an in-
strumentation board previously developed within our group [11]. The chemical sensing sites were
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differentiated from the MOSFETs to provide isolation of the active transducers from the chemical
environment. The extended gate approach was employed in this study in order to improve the
sensor’s reliability and lifetime. Fig. 6.1 presents an overview of the instrumentation architecture
used. In this configuration the gates of the MOSFETs are extended and remotely connected with
a front-end platform consisting of passive electrodes coated with a H+ sensitive membrane, in this
case Parylene. An array of p-type MOSFETs (active transducers) is hosted on the read-out board,
together with an appropriate multiplexing scheme, the necessary biasing circuitry consisting of dual
operational amplifier source-drain followers, and universal interfacing ports.
Figure 6.1: Overview of the system architecture of the instrumentation used to evaluate the chemical
sensors.
The operational principle behind the pH sensing function is the electrostatic coupling be-
tween the ions and the gate insulating layer, facilitated by the site-binding of H+ to the sensing
membrane, as described by Grahame’s dual layer capacitor [12]. Depending on the available ionic
resources, the binding of H+ to the membrane surface in the vicinity of the sensing sites modulates
the gate capacitance and leads to a corresponding output (drain) voltage. This in turn changes the
MOSFETs threshold voltage and allows straightforward correlations between H+ concentration
and output voltage.
In section 6.2 Parylene’s capacity in pH sensing is explored together with ways to enhance
the chemical sensitivity, reliability and long-term response of the sensing devices. In section 6.3,
this technology is transferred to stand-alone Parylene films to produce miniaturised flexible multi-
electrode arrays for spatiotemporal interrogation of the pH state.
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6.2 Investigation of the H+ sensing capacity of Parylene C
6.2.1 Materials and methods
6.2.1.1 Fabrication of PCB-based Parylene C sensors
PCB-based platforms (fig. 6.2(a)) consisting of passive Au electrodes were thoroughly degreased
in ACE (Sigma), IPA (Sigma) and DI water, and dehydrated at 90oC for 60 s. Parylene C films
were deposited by CVD (PDS2010, SCS) to provide three distinct thicknesses (540 nm, 1 µm, 3
µm). This set of samples was used for evaluating pH sensitivity of hydrophobic Parylene C. A
second group (1 µm, 3 µm) was rendered hydrophilic through plasma oxidation at 400 W using an
ultra high purity plasma etcher (Nano UHP LFG40, Diener electronic) at a working pressure of 0.8
mbar and frequency of 13.56 MHz. Two distinct film thicknesses were derived from the 1 µm-thick
sensors depending on the exposure time-span; a) a residual thickness of ∼ 950 nm, resulting from
1 min-treatment, and b) a thickness of ∼ 200 nm resulting from 10 min-treatment. Film thickness
was determined through calibration samples where Parylene C was selectively removed to create
a step that was measured by a stylus profiler (Dektak 6M, Veeco). A third group of 1 µm-thick
Parylene C platforms was rendered hydrophilic on top of the Au sensing sites only. The fabrication
process included the patterning of Parylene C as follows: samples were cleaned and dehydrated
as described above. HMDS (Sigma) was spin-coated on the Parylene C-coated PCBs, succeeded
by a 1.4 µm-thick positive photoresist (AZ5214E, Sigma). The samples were then soft-baked on
a hotplate at 90oC for 60 s, selectively exposed to UV light for 90 s, and developed (20 s in 4:1
DI water - AZ400k) (Sigma). Before inserted into the plasma etcher, the samples were prebaked
at 110oC for 60 s for hardening the protective photoresist mask. Oxygen plasma treatment was
accomplished at 400 W/10 min, facilitating a film thickness of ∼ 200 nm on top of the electrode
sites only, whereas hydrophobic Parylene remained intact (1 µm) at the rest of the platform. For
the fabrication of the patterned matrix the same procedure was followed with a different mask
layout. For thicker Parylene films (3 µm), photoresist AZ4562 (Sigma) (190 s UV exposure, 2 min
development in 4:1 DI water - AZ400k) was utilised instead, due to its slower etching rate inside the
plasma etcher. Plasma treatment was conducted at 400 W/35 min resulting in a ∼ 200 nm-thick
film of Parylene on top of the metal sensing sites. After O2 plasma exposure the photoresist was
removed by immersing the platforms into ACE, IPA and then DI water.
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Figure 6.2: (a) (top) PCB-based prototype platform with the Au/Parylene sensing sites located in
the centre. (bottom) Schematic cross section of the fabrication process of the Parylene C sensors.
(b) Average sensitivity and corresponding measured leakage currents over 6 channels of untreated
540 nm-, 1 µm- and 3 µm-thick Parylene C films. Error bars indicate SD. (c) ID-VGS curves of 3 µm-
thick Parylene coated sensor (left axis) and corresponding measured leakage currents (right axis). (d)
Transient response (drain output) of 3 channels of 1 µm-thick Parylene C film (filtered, uncalibrated
data).
6.2.1.2 Experimental set up
In order to evaluate the chemical behaviour of the device, discrete MOSFETs were employed using
the instrumentation board described in section 6.1 [11]. The sensing sites are basically extensions of
the MOSFETs gates being able to sense H+ via the Parylene membrane. The operational principle
of these sensors is identical with the ISFETs, in which the threshold voltage of the transducer
corresponds to different pH values.
The sensing prototype was evaluated with commercially available phosphate buffer solutions
of known pH (HANNA Instruments). Each sensor was immersed in each electrolyte solution for
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2 h for the drift experiments, and for 200 s for the sensitivity experiments in the following order:
pH 7, 4, 7, 10 and 7. In each case a Ag/AgCl reference electrode (CHI11P, IJ Cambria Scientific
Ltd) was also immersed in the solution to serve as a remote gate. Before testing a new electrolyte,
the sensors and the Ag/AgCl electrode were rinsed with DI water to remove any residual chemical
compounds and wiped carefully. The electrical properties of the device were determined with
a Keithley semiconductor characterisation system (SCS-4200) through the corresponding ID-VGS
curves of the MOSFETs, while the chemical properties were extrapolated with the aid of the
universal instrumentation and a software platform developed in MATLABr by Yu-Chun Chang
under the direct supervision of Tatiana Trantidou. All experiments were carried out at room
temperature and in a faraday cage for minimising noise.
6.2.2 Results and discussion
6.2.2.1 Evaluation of hydrophobic Parylene C as a pH sensing membrane
Chemical sensitivity of the three hydrophobic Parylene membranes (540 nm, 1 µm and 3 µm)
was evaluated in solutions of pH 4, 7 and 10 through the ID-VGS curves of the MOSFETs as the
Ag/AgCl reference electrode was swept from -2 to 1 V . Additionally, the transient response of
the sensors across distinct electrolyte solutions was assessed using the instrumentation board. The
output voltage measured is the drain voltage derived from the dual operational amplifier (op-amp)
source-drain followers, employed for biasing the MOSFETs. Average sensitivities for all three sensor
types are illustrated in fig. 6.2(b). For each of the three sensing platforms, measurements of the
output voltage (mV ) over 6 sensing sites were acquired at pH 4, 7 and 10, and a line was fitted to
the experimental data. The slope (mV /pH) of the fitted line gave the average sensitivity of each
Parylene sensor.
The encapsulation quality of the sensors was also extrapolated through leakage current mea-
surements conducted for ID=100 µA and VDS=0.5 V , which are the typical biasing values defining
the operation region of the MOSFETs. In the case of the 3 µm-thick Parylene membranes, the
MOSFETs did not switch during the voltage sweep, indicating that the material is insensitive to pH
changes at ID=100 µA (fig. 6.2(c)). Leakage current measurements were conducted at VGS=-0.85
V instead, where the difference between the three curves is more distinct. The conclusions driven
from these experiments indicate that Parylene C displays a distinguishable chemical sensitivity in
small film thicknesses (23.97 mV /pH for 540 nm-thick films), however, the material’s behaviour
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is not always consistent especially during the transition from pH 7 to pH 10. H+ sensitivity be-
comes lower and inconsistent in larger thicknesses (1 µm) (fig. 6.2(d)) and eventually the material
preserves its inertness and encapsulation integrity in much higher thicknesses (3 µm).
As previously described by Grahame [12], the electrolyte-insulator-metal interface results in
the formation of a double layer region. A smaller dielectric thickness brings the inner Helmholtz
layer, i.e. the interfacing hydrogen ions, closer to the metal surface introducing a smaller capaci-
tance, which in turn leads to a larger output voltage. Contrary to what is stated in the literature
regarding Parylene’s pinhole free nature above 100 nm [3], the experimental data support a pinhole-
free behaviour of Parylene at film thicknesses above 1 µm. This is indicated by a significant decrease
in the leakage current as the membrane thickness increases from 540 nm to 3 µm. Eventually, a
film thickness of 1 µm seems to be a transitional state between pinhole and pinhole-free status,
also supported by the large standard deviations observed in the inset of fig. 6.2(b).
6.2.2.2 Evaluation of O2 plasma treated Parylene C sensors
Conformally O2 plasma treated Parylene C
In order to examine whether an induced hydrophilicity would enhance Parylene’s pH sensitivity,
two sets of 1 µm-thick PCB-based Parylene sensors were treated with oxygen plasma at 400 W for
1 and 10 min, resulting in film thicknesses of 950 and 200 nm respectively. Longer exposure to O2
plasma does not only lead to a smaller membrane thickness, but also to an increased hydrophilicity.
According to findings presented in chapter 4, the water surface affinity of 1 µm-thick untreated
and O2 plasma treated Parylene C films (evaluated through static contact angle measurements)
corresponds to average contact angles of 78.85 ± 1.2o for untreated films, 4.5 ± 0.8o for films
treated at 400 W/1 min and less than 1o for films treated at 400 W/10 min. The plasma treated
sensors were tested 15 days after plasma exposure, so that their induced hydrophilicity stabilises
according to findings presented in chapter 4. Fig. 6.3(a) presents the transient response of the
two sensor types when tested with various electrolytes, while fig. 6.3(b) reveals the ID-VGS curves
of the thin membrane sensor. As anticipated, the response of the Parylene-coated sensors with
a thicker membrane appears noisier and exhibits lower chemical sensitivity comparing to thinner
films. To ensure that this observation derives primarily from the smaller residual thickness and not
from the extent of the induced hydrophilicity, the same experiments were conducted (measurements
performed over 6 sensing sites) with a 3 µm-thick Parylene C sensor that was O2 plasma treated
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under the same conditions (400W/10min), yielding a residual thickness of∼ 2.1 µm, and confirmed
that the sensor did not exhibit any pH sensitivity. It is noteworthy that the improved response of
the material is a combination of the degree of the induced hydrophilicity (and hence the number of
the available H+ binding sites) and the residual thickness, which is a common feature to all sensing
membranes due to Coulomb electrostatic coupling.
Figure 6.3: (a) Representative transient response (unfiltered, uncalibrated data) of a single sensing
site across distinct electrolytes of conformally O2 plasma treated (400 W ) 1 µm-thick Parylene sensors
exposed for (top) 10 and (bottom) 1 min. (b) Corresponding ID-VGS curves of conformally O2 plasma
treated (400 W/10 min) sensor. A schematic cross section of the fabrication process is also included.
Selectively O2 plasma treated Parylene C
To achieve selective hydrophilic patterning, the technique described in section 4.3.2.7 was employed
to selectively expose the Parylene membrane to O2 plasma (400 W/10 min) on top of the gold
sensing sites. This approach benefits from enhanced pH sensitivity due to the induced hydrophilicity
of the Parylene film, while it concurrently preserves good encapsulation integrity of the sensor. A
schematic cross-section of the fabrication process is illustrated in fig. 6.4(a), while fig. 6.4(b)
captures the selective hydrophilic patterning of the Parylene film which is evaluated by rinsing the
whole PCB platform with electrolyte solution. Selectively treated sensors disclose a highly reactive
behaviour when they come in contact with the solution for the first time (15 days after O2 plasma
oxidation). Interestingly, their sensing capability appears to stabilise after a few weeks (fig. 6.4(c)).
Fig. 6.4(d) depicts the ID-VGS curves of selectively treated sensors tested 45 and 90 days after
plasma oxidation respectively, indicating that H+ sensitivity is slightly lower in the long-term,
nevertheless, it still persists. The induced hydrophilicity of plasma oxidised Parylene C has been
previously attributed to the formation of carbonyl, carboxyl and hydroxyl groups that are prone to
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bind hydrophilic molecules [13, 14]. The reactions that take place between the hydrophilic groups
result in a diminished number of free binding sites on the film surface. As previously shown, this
phenomenon leads to a partial restoration of the initial hydrophobicity of Parylene C. However,
restoration saturates at a certain point within a week after initial exposure to solution, and the
induced hydrophilicity is further sustained.
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Figure 6.4: (a) Cross-section of fabrication process of selectively O2 plasma treated Parylene C sen-
sors. (b) Microscope image of single sensing site rinsed with electrolyte solution to evaluate selective
hydrophilicity. (c) Transient response (unfiltered, uncalibrated data) across distinct electrolytes of
selectively O2 plasma treated (400 W/10 min) 1 µm-thick Parylene sensor (top) 15 and (bottom) 45
days after plasma oxidation. (d) Corresponding ID-VGS curves of selectively O2 plasma treated (400
W/10 min) sensor 45 days and 90 days (subfigure) after plasma oxidation.
Comparative characterisation of Parylene C sensing devices
Fig. 6.5(a) summarises the average pH sensitivities derived from 6 channels of the three 1 µm-
thick PCB-based Parylene sensors (untreated, conformally and selectively treated at 400 W/10
min). Conformally and selectively plasma oxidised sensors exhibit comparable sensitivities (15.5
and 16.3 mV /pH respectively), whereas hydrophobic Parylene demonstrates a rather low sensitivity
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of 7.5 mV /pH which is not always consistent, as indicated by the large standard deviations. The
encapsulation properties of the Parylene C sensors were quantified by leakage current measurements
through the reference electrode at ID=100 µA (fig. 6.5(b)). The selected current value corresponds
to the operation region of the MOSFETs, since the current sources set the current around 100 µA
to bias the MOSFETs [15]. The observed sensitivities in all cases are well below the Nernstian (59
mV /pH)1, which is the sensitivity limit of all ISFETs associated with an electrolyte and a site-
binding surface [16]. Nonetheless, the relevant differences between the various pH values are still
well distinguishable, while the leakage current in all cases remains at relatively low levels. It is also
worth mentioning that the substantially extended remote-gate employed in this work significantly
increases the floating-gate capacitance resulting in a voltage-scaling, which is demonstrated by a
lower sensitivity in every case. Results driven from these experiments support that the selectively
treated Parylene C sensor combines good encapsulation properties and sufficient H+ sensitivity.
The versatility of this method enables the fabrication of a variety of sensors using thicker Parylene
membranes, in order to increase the encapsulation quality of the sensor and at the same time set
the desired sensitivity by tuning the O2 plasma recipe accordingly. For example, a 3 µm-thick
Parylene membrane was fabricated, which was selectively plasma treated (400 W ) for 35 min to
obtain a membrane thickness of ∼ 200 nm on top of the sensing sites (for consistency with the
previous experiments), while preserving the thick layer (3 µm) of hydrophobic Parylene on top of
the electrode tracks to provide high encapsulation quality. The sensor exhibited good sensitivity,
while the measured leakage current remained in very low levels (9.8 nA for pH 4, 6.2 nA for pH 7
and 6.1 nA for pH 10), when compared against other encapsulants such as epoxies and SU-8 [17].
Previously attained experimental results on SixNy and TiO2 sensing membranes using the same
evaluation methods employed in this work [11], demonstrated chemical sensitivities of 35 and 22
mV /pH respectively which are obviously improved comparing to Parylene; however, these sensing
devices suffered from larger leakage currents. Coating these devices with a thick layer of Parylene C
(5 µm) provided an improved encapsulation quality, with the leakage current being in comparable
levels to the results presented here.
The reliability of all Parylene sensors exhibiting H+ sensitivity was estimated as the per-
1The Nernst equation is expressed as:
E = E0 +
R · T
n · F lnai (6.1)
where E is the measured potential of an electrode in equilibrium with the solution, E0 is the standard potential of
the electrode at pH 7, R is the universal gas constant (8.314 J ·K−1mol−1), n is the number of electrons taking part
in the reaction, F is the Faraday constant (9.649·104 C·mol−1), T is the absolute temperature in K and αi is the
ion activity.
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centage of the experiments in which the sensors demonstrated Nernstian sensitivity out of the total
number of experiments (fig. 6.5(c)). Although all four sensors were H+ sensitive, the plasma
treated devices revealed a more consistent chemical behaviour.
Figure 6.5: (a) Chemical sensitivity evaluation of the 1 µm-thick Parylene devices over 6 channels
and (b) corresponding average measured leakage currents. (c) Reliability of Parylene sensors indicated
as the number of experiments in which the sensors exhibited Nernstian sensitivity out of the total
number of experiments conducted (measurements performed over n sensing sites).
As a proof-of-concept for illustrating Parylene’s capacity to act both as an encapsulant and
as a H+ sensing membrane, a pattered matrix was fabricated with the layout presented in fig.
6.6(a). In this arrangement Parylene was locally rendered hydrophilic on top of a group of sensing
sites (circled in red), leaving the other areas hydrophobic. The sensors were again tested 15 days
after treatment for consistency with the results acquired from previous experiments. Data were
initially calibrated at pH 7 to remove any offset between the distinct sensing sites and compensate
for drift (see Appendix C for calibration method). The main purpose of calibration is to maintain
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a uniform and relative performance for all sensing sites of the array. Fig. 6.6(b) illustrates the
3-D representation of the calibrated data obtained from an active area of the matrix consisting of
20 sensing sites immersed into distinct electrolytes. The hydrophilic sites display larger voltage
outputs relatively to the hydrophobic ones in all cases, namely a higher sensitivity response to the
pH change. However, due to the interaction between adjacent sensing sites, some areas exhibit
lower or higher response than normally expected.
O
utput voltage (V)
Figure 6.6: (a) Layout of 1 µm-thick Parylene matrix: hydrophilic areas are circled in red. (b)
Corresponding 3-D representation of voltage outputs indicating the response of 20 sensing sites to
distinct pH values.
6.2.2.3 Chemical drift
Sensing devices appear a slow, random temporal variation of their response when exposed to the
same analyte under identical conditions, which is known as chemical drift. The main source of drift
is attributed to the chemical interaction between the ions and the membrane surface, which leads
either on reorganisation of the sensing layer in terms of its chemical composition and thickness, or
irreversible binding (poisoning). This drift-pH relation is articulated best through an exponential
model, where t is the time the sensor is exposed to the target solution:
drift = A+B · e−C·t (6.2)
Drift experiments were conducted for the three 1 µm-thick PCB-based Parylene sensors for
a time period of 2 h. Drift rates (mV /h) were calculated from the slopes of the response of each
sensor when immersed in buffer solutions of pH 4, 7 and 10 after the transient response of the
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sensors had settled (approximately after 15 min).
Conformally and selectively plasma oxidised (400 W/10 min) PCB-based Parylene sensors
demonstrated lower drift than untreated Parylene, exhibiting the largest drift rates in pH 4 solution
(22.07 and 20.19 mV /h respectively), whereas their drift rates for pH 7 and 10 are lower than 10
mV /h (table 6.1). The large H+ concentration in pH 4 solution is likely to initiate massive reactions
between the ions and the free surface groups present on the surface of plasma oxidised Parylene,
as stated previously [13, 14].
Table 6.1: Drift rates (mV /h) of Parylene sensors in distinct pH values1 .
Parylene C
sensors
pH 4 pH 7 pH 10
Non-oxidised 28.93 ± 0.1 16.94 ± 1.9 44.34 ± 0.03
Conformally treated
(400 W/10 min)
22.07 ± 3.3 2.34 ± 1.5 1.88 ± 1.1
Selectively treated
(400 W/10 min)
20.19 ± 8.8 9.71 ± 1.9 2.57 ± 3.0
1 Average response over 6 channels.
6.3 Parylene C-based flexible implementations for pH sensing
In this section, the technology previously developed for Parylene-based pH sensors is further ex-
panded, in order to exploit the material both as a flexible support medium and as an active H+
sensing membrane and highlight potential applications in stretchable cell culture systems.
6.3.1 Materials and methods
6.3.1.1 Fabrication of flexible Parylene C sensors
The fabrication process of the flexible sensing platform is outlined in fig. 6.7(a). 4-inch Si wafers
were thoroughly degreased in ACE (Sigma), IPA (Sigma) and DI water and blown dry with nitrogen.
5 µm of Parylene C were deposited on the Si wafers through CVD (PDS2010, SCS) to form the
flexible support substrate. The wafers were spin-coated with HMDS (Sigma) and then a thin layer
(1.5 µm) of photoresist (AZ5214E, Sigma), soft-baked at 90oC for 1 min, and then lithographically
patterned (60 s UV exposure, 15 s development in 4:1 DI water - AZ400k) (Sigma). Electron gun
deposition of platinum (10 nm) facilitated the fabrication of a 40-electrode array (30 µm diameter
electrodes - 200 µm spacing) on the Parylene surface (fig. 6.7(b)). Subsequently, a 1 µm-thick
6.3 Parylene C-based flexible implementations for pH sensing 170
Parylene film was deposited on top of the array to serve as the sensing membrane. Access to
the underlying pads was accomplished through a second lithography (60 s UV exposure, 2 min
development in 4:1 DI water - AZ400k) using a thick layer of photoresist (7 µm of AZ4562 (Sigma),
softbaked at 100oC for 1 min) and O2 plasma etching (Nano UHP LFG40, 400 W/30 min at a
working pressure of 0.8 mbar and frequency of 13.56 MHz). Finally, the H+ sensing capacity of the
array was activated through plasma oxidation (400 W/10 min at a working pressure of 0.8 mbar),
leaving a thin (200 nm) hydrophilic Parylene film above the electrode grid. The membrane was
finally peeled-off, fixed on a PCB with a photocurable epoxy resin and the pads were wire-bonded
to the PCB (fig. 6.7(c)) to enable monitoring of the chemical potentials.
Because the adhesion between the encapsulation layer and the underlying material plays
an important role for the efficiency of the encapsulation, in this study platinum was selected to
fabricate the miniaturised electrode array instead of other metals (e.g. gold) based on previous
studies reporting that adhesion of Parylene C is significantly stronger on Pt substrates at similar
deposition pressure (∼ 20 mTorr) [18]. Furthermore, it was also demonstrated that Parylene-to-
Parylene adhesion was substantially high. In agreement to this observation, in this study there
were not any adhesion issues, as the deposition of Parylene on top of an existing Parylene C layer
formed a well-sealed ”sandwiched” Parylene structure (Parylene-platinum-Parylene). However, to
further improve the adhesion properties of Parylene, a pre-treatment of the surface with an adhesion
promoter, for example Silane A-174, can be employed [18].
6.3.1.2 Experimental set up
Evaluation of the sensing device was performed using discrete MOSFETs and the instrumentation
described in section 6.1 [11]. The chemical performance of the sensor was evaluated with 50 µl
drops of phosphate buffer solutions of known pH (HANNA Instruments: 7004, 7007, 7010). A
miniature Ag/AgCl reference electrode was used as a remote gate and was immersed in the micro-
droplet during measurements. Each electrolyte solution was applied to the sensor for 3 min for the
sensitivity experiments and for 1 h for the drift experiments in the following order: pH 4, 7 and 10.
Before testing a new electrolyte, the sensors and the reference electrode were rinsed with DI water
to remove any residual chemical compounds and wiped carefully. For the hysteresis experiments,
the sensor’s output voltage was continuously recorded after applying electrolyte solutions in the
following order: pH 10, 4, 7, 10, 7 and 4. All experiments were carried out at room temperature
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Figure 6.7: (a) Schematic of fabrication process of flexible Parylene C sensor. (b) Microscope image
of the 40-electrode array indicating the sensing sites. (c) Illustration of the PCB-based prototype
platform with the flexible chemical array located at the centre.
inside a faraday cage to minimise noise.
6.3.2 Results and discussion
6.3.2.1 Chemical sensitivity
The chemical sensitivity of the sensor was evaluated through testing its response across distinct
electrolytes. Fig. 6.8(a) shows the transient response (output voltage of the dual operational
amplifiers source-drain followers) of five sensing sites across three distinct electrolytes. The sensor
exhibits a linear response within the pH range 4-10, indicating a chemical sensitivity of 23 mV /pH
(fig. 6.8(b)). A linear relationship between voltage and pH value is important to extrapolate
straightforward correlations between detected voltage and H+ concentrations. As seen from fig.
6.8(a), output voltage differs from channel to channel. This is primarily attributed to the fabrication
process (i.e. deposition of Parylene) which introduces non-uniformities over the entire set of sensing
sites, attributing non-identical characteristics to the active transducers. Furthermore, mobile ions
in the electrolytes under test interact with the membrane surface and affect its chemical composition
and thickness especially after long-term use. The minimum resolution of the sensor was 0.15 pH
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values and was determined through experiments within a pH range of 7-8, starting from a solution
droplet of pH 7 and gradually increasing the pH of the droplet to determine the smallest pH change
that the sensor is able to capture.
The observed sensitivity is again well below the Nernstian sensitivity [16], nonetheless, the
relevant differences between the various pH values are still well distinguishable. Thinner passiva-
tions result in an increase on the electrostatic coupling of H+, as proved previously [19], however,
the small electrode size of the front-end sensor employed here limits the pH sensitivity that can
be achieved. Moreover, the substantially remote-gate used in this work significantly increases the
floating-gate capacitance resulting in a voltage-scaling, which is demonstrated by a lower sensitivity.
6.3.2.2 Electrical functionality and encapsulation integrity
The electrical functionality of the sensor was proved via an ID-VGS sweep. The drain and source
voltages were fixed at 0.5 and 0 V respectively, while the gate voltage applied through the refer-
ence electrode was swept from -1 to 0.5 V . Chemical sensitivity results for three distinct buffer
solutions of pH values 4, 7 and 10 are depicted in fig. 6.8(c). The right-axis of the figure shows
the corresponding measured leakage current flowing through the reference electrode, which also
serves as an indication of the encapsulation integrity of the Parylene membrane. Leakage current
measurements were assessed for a constant current of 100 µA corresponding to the operational
region of the MOSFETs (table 6.2). The leakage current in all cases remains in very low levels,
demonstrating the excellent encapsulation quality of the device. Clearly, this can be significantly
improved by employing thicker Parylene C membranes, which are selectively treated with a more
profound O2 plasma treatment to achieve similar levels of sensitivity, as proved in section 6.2.2.2.
6.3.2.3 Hysteresis
Sensing membranes often demonstrate a behaviour that is dependent on their past and current
chemical environment. The “hysteresis” phenomenon, namely, a delay in the sensor’s response
obtained in the forward and backward exposure to the target analytes, is normally attributed to
trapped charges on the surface of the membrane. Hysteretic response is eventually responsible for
concentration-dependent shifts of the gate threshold, and thus of the output signal, reducing the
reliability of the sensor.
Fig. 6.8(d) shows the results of the hysteresis measurements for the flexible sensor in the
6.3 Parylene C-based flexible implementations for pH sensing 173
loop of pH=10, 4, 7, 10, 7 and 4. Oxidised Parylene discloses a highly reactive behaviour when
it comes in contact with the solution for the first time, as indicated by the response of the sensor
during the first three experiments. The material’s sensing capability appears to stabilise yet from
the second experimental cycle. To evaluate the ability of the material to reproduce its response,
hysteresis was calculated as the percentage that the sensor’s (average) output voltage deviates
from its initial response under the same electrolyte solution (table 6.2). The sensor exhibits small
hysteresis voltage shift values of 5 mV (pH 4), 12 mV (pH 7), whereas for pH 10 the hysteresis is
larger (45 mV ). It is worth mentioning that the oxidised Parylene C membrane tends to partially
restore its initial hydrophobicity over time as proved in chapter 4, which may also account for the
observed deviations in the output response.
6.3.2.4 Chemical Drift
The long-term stability of the sensing array was also examined. Using the same setup, the sensor’s
voltage drift was calculated by recording the output (drain) voltage for 1 h while leaving the sensor
in a constant electrolyte environment (50 µl, pH 4, 7 and 10). Fig. 6.8(e) depicts representative
drift trends of a single sensing site. Drift rates were extrapolated as described previously in section
6.2.2.3 and are presented in table 6.2. These results are favourably comparable with results reported
from conventional ISFETs varying from a couple of mV to tens of mV per hour [19]. It is also
noteworthy that the evaporation effect is likely to affect the 50 µl solution volume during the 1
h experiments, and therefore resulting in larger drift variations than normally derived from dip
testing experiments.
Table 6.2: Performance summary of the flexible Parylene sensing device.
Buffer solutions
pH 4 pH 7 pH 10
Output voltage (V )1 0.76 ± 0.02 0.68 ± 0.04 0.62 ± 0.04
Gate leakage current (nA)2 1.16 13.92 13.58
Hysteresis (%) 0.7 1.7 6.4
Drift rate (mV /h) 11.2 31.2 10.9
Sensitivity 22.8 mV /pH
pH resolution 0.15 pH values
Response time 3.58 s
1 Average response over 5 channels.
2 Measurements at ID=100 µA.
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Figure 6.8: (a) Transient response of 5 array channels in distinct pH values (unfiltered, uncalibrated
data). (b) Chemical sensitivity evaluation of the device showing an average sensitivity of 22.8 mV /pH.
Error bars indicate SD. (c) (Left axis) Representative ID-VGS curves of device for pH 4, 7, and 10.
(Right axis) Measured reference leakage currents. (d) Hysteresis characteristics. (e) Drift trends
under electrolytes of pH 4, 7, and 10. Markers indicate the experimental data and full lines the
corresponding fitting (exponential) curves.
6.3.2.5 Local pH detection
Local pH detection using the Parylene-based flexible array was demonstrated through a diffusion
experiment. Two microdroplets of equal volume (20 µl) of pH 4 and pH 10 solutions were initially
(t0=0 s) applied simultaneously at the two opposite sides of the flexible sensing membrane. A
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region consisting of a 4 × 4 electrode grid was continuously recorded and the response of the array
is depicted at three time instances in fig. 6.9. At t1=5 s, the multi-electrode array captures a
transient process during which the solutions gradually mix. Finally, distinct ionic species within
the two droplets are equally distributed, rendering the corresponding equilibrium chemical state of
the array (t2=10 s).
Figure 6.9: 2-D representation of voltage outputs (uncalibrated data) indicating the response of a
4 × 4 array while pH 4 and 10 solutions gradually mix.
6.4 Summary
Driven by the technique presented in chapter 4 that enables the selective modification of Parylene’s
hydrophobicity, this chapter presented versatile implementations of Parylene-based pH sensors that
can be easily incorporated into the micro-fabricated cell culture platforms previously developed.
A new property of Parylene C was demonstrated with application in sensing technologies.
Since now the material has been primarily used either as a biocompatible encapsulant of implantable
microdevices or as an ion-blocking layer aiming to suppress chemical sensitivity in ISFET/REFET
topologies. Towards a new understanding of the material’s potential, the role of Parylene C as
an active pH sensing membrane was explored using discrete MOSFETs as an evaluation means.
Contrary to what is stated in the literature, hydrophobic Parylene exhibited pinhole free behaviour
only above 1 µm film thickness, whereas below this thickness the material displayed H+ sensitivity
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which was not though consistent. Oxygen plasma treatment of Parylene C was employed to reliably
enhance the polymer’s pH sensing capacity. Plasma induced hydrophilicity of Parylene C films
yielded significant improvement of the H+ sensitivity over the untreated, hydrophobic films (15.5
mV /pH vs. 7.5 mV /pH). In addition, selective hydrophilic modification was employed to locally
alter the surface hydrophobicity on top of the sensing sites and increase Parylene’s H+ sensing
ability, while maintaining good encapsulation integrity within the same sensing platform.
Based on this principle, this technology was transferred into free-standing flexible Parylene
C membranes, which can find interesting applications in stretchable cell culture systems. A minia-
turised 40-electrode array was patterned on a 5 µm-thick Parylene film that served as a flexible
support medium. The array was coated with a thin layer of Parylene C which acted as the pH
sensing membrane. Oxygen plasma was employed to functionalise the material’s capacity in H+
sensing. The flexible sensing array enabled the spatiotemporal interrogation of the H+ concen-
tration and exhibited a distinguishable sensitivity (22.8 mV /pH), while it preserved relatively low
drift rates and good encapsulation quality, which can be further improved by employing thicker
films and selectively altering the chemistry on top of the electrode sites with O2 plasma.
The observed sensitivities in all cases appear relatively low, however, this is primarily at-
tributed to the evaluation method employed in this study (extended-gate), which compromises the
sensitivity over robustness. Clearly, other circuitry, such as instrumentation amplifiers, can also be
employed as alternative transducing schemes.
The proposed method has the potential to deliver a hybrid sensing platform that performs
simultaneously electrical and chemical measurements. Moreover, it can be easily incorporated with
the cell patterning technology developed in chapter 4, in order to deliver a compact high throughput
monitoring tool for bio-realistic cell cultures.
Other versatile implementations for pH monitoring with application in extracellular H+
sensing can be found in Appendix C.
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Chapter 7
Conclusion
7.1 Overview of the accomplished work
R
ECENT reports on drug research in pharmaceutical companies estimate high failure rates in
developing reliable and effective toxicology and drug assays, which have been associated with
millions of pounds per agent1. This failure has been primarily attributed to the lack of in vitro cell
models that are representative of real tissue behaviour, and secondary to the lack of multiparametric
and minimally invasive sensing technologies that can continuously assess the cell culture conditions
and increase the experimental lifetime of the cell model. Many research efforts have concentrated
towards these directions individually, yet the challenge to deliver a technology that both promotes
bio-realistic cell systems and enables a thorough investigation of their physiology still remains. This
research focuses on a highly biocompatible material - Parylene C - and explores its potential in
cardiac cell scaffolding and monitoring.
In Chapter 4, the surface properties of Parylene C in terms of water affinity, nanotopography
and chemical composition were fully characterised. A thickness-dependent hydrophobicity was
determined, with thicker films being naturally more hydrophobic. Plasma oxidation was employed
to alter the material’s hydrophobicity. The effect of distinct oxidation process parameters (power:
25-400 W , oxidation duration: 1-18 min) on the extent of the induced hydrophilicity, etching rates
and surface morphology was thoroughly studied. In addition, an ageing study of the material
revealed that plasma oxidised Parylene tends to partially restore its induced hydrophilicity to 20-
60% of its initial state independently of the oxidation recipe, nevertheless, the material is still
classified as hydrophilic (static contact angle <60o). Finally, a simple and versatile technology was
1”The price of failure: New estimate puts drug R&D in the billions per agent”, Nature Medicine/Spoonful
of medicine, 2012 http://blogs.nature.com/spoonful/2012/02/the-price-of-failure-new-estimate-puts-drug-rd-in-the-
billions-per-agent.html
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presented to selectively alter the natural hydrophobicity of Parylene C with µm-resolution based
on conventional lithographic techniques and O2 plasma.
The micro-patterned Parylene C films were evaluated as 2-D scaffolds for neonatal rat ven-
tricular myocytes in order to study the effect of structuring on the cellular morphology and Ca2+
physiology. The scaffolds significantly induced the self-alignment of extracellular matrix compounds
(fibronectin or collagen) and therefore of the cells (p<0.001), promoting a more organised sarcomere
structure and denser microtubule organisation. Moreover, the micro-patterned films significantly
improved important parameters of the cellular Ca2+ cycling at field stimulation frequencies 0.5-2
Hz, such as normalised fluorescent amplitude (f/f0), time to peak (Tp) and time to 50% (T50) and
90% (T90) decay.
The Parylene scaffolds were able to control the cellular morphology and microtubule struc-
ture density, by controlling the cells’ adhesion area through a thickness-dependent relationship.
In particular, due to a more profound hydrophobicity of thicker (10 µm) Parylene films, NRVM
cultured on hydrophilic/hydrophobic lines tended to constrain within the hydrophilic areas, adapt-
ing a more elongated, cylindrical (in vivo-like) shape. On the other hand, NRVM on thinner (2
µm) films were able to bridge across the hydrophobic areas, obtaining a more spread-out shape.
Corresponding average static contact angles of NRVM on thin membranes were significantly (p
<0.01) smaller than cells on thick membranes (64.51o versus 84.73o). The cylindrical shape and
a denser microtubule density (p <0.05) in cells on thicker films possibly suggest a more mature
cardiomyocyte, although there was no difference in terms of Ca2+ physiology.
The developed technique also facilitated the production of free-standing micro-patterned
films that were used to study the effect of substrate elasticity (ability to stretch/compress) and
flexibility (ability to bend). Preliminary results showed that the free-standing membranes (2-10
µm thick) improved the f/f0 and Tp of structured NRVM compared to Parylene-coated glasses.
However, there was no improvement in terms of time to 50% and 90% decay. When manipulating
the flexibility of the Parylene C films by employing thin (2 µm) and thick (10 µm) free-standing
membranes, preliminary results did not show any effect on the Ca2+ physiology of NRVM. These
observations possibly suggest that at Parylene’s level of elasticity (2.76 GPa), the flexibility of the
substrate has no prominent effect on the cellular Ca2+ physiology.
In Chapter 5, the patterning technology was successfully transferred to commercial MEAs to
highlight integrability with existing monitoring products and provide an off-the-shelf tool for extra-
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cellular electrical recordings of structured tissue. Compatibility of the micro-patterned MEAs with
existing state-of-the-art read-out equipment was evaluated through electrode impedance measure-
ments. The micro-patterned MEAs promoted anisotropic NRVM cultures with electrical propaga-
tion profiles similar to in situ heart tissue. In particular, conduction velocity along the longitudinal
fibre direction of the aligned cardiomyocytes was faster than all other directions (transverse, diago-
nal 45o and -45o). The longitudinal-to-transverse velocity anisotropy ratio was substantially higher
for structured cultures compared to control ones (1.69, n=2 to 1.09, n=4). Moreover, reusability of
the micro-patterned MEAs was evaluated through biological validation and was ensured for at least
two consecutive times, in order to maintain the cost at low levels and strengthen the versatility of
the proposed approach.
Finally, Chapter 6 emphasises on the implementation of Parylene C-based pH sensing devices
that can be integrated with the structuring technology. The H+ sensing capacity and encapsulation
quality of hydrophobic Parylene C was first investigated using discrete MOSFETs as an evaluation
means. The material remained unresponsive at higher thickness (>1 µm), while it exhibited an
inconsistent pH responsiveness as film thickness decreased (7.5-23.97 mV /pH for 1000-540 nm-thick
films). The encapsulation integrity of the material, evaluated through the reference leakage current,
significantly deteriorated as films became thinner. Plasma oxidation of Parylene C was employed
to increase the reliability, pH sensitivity and chemical drift of the material. Two distinct type
of sensors were studied: conformally oxidised Parylene-coated electrodes and selectively oxidised
Parylene-coated electrodes (the Parylene film was oxidised only on top of the electrode sites, while
keeping the electrode tracks insulated). The resulting sensitivity was directly dependent on the
oxygen plasma recipe employed, which defined the extent of hydrophilicity (i.e. the number of free
bonds on Parylene’s surface) and the residual membrane thickness. While the two plasma oxidised
sensors exhibited indistinguishable pH sensitivity (15.5 mV /pH for conformally oxidised versus
16.3 mV /pH for selectively oxidised Parylene at 400 W/10 min), the latter ensured lower leakage
currents. The proposed approach facilitated the employment of thicker films to further increase
the encapsulation integrity of the sensor.
Flexible Parylene C-based high-density electrode arrays for pH sensing were also fabricated
on stand-alone thin films, employing the material both as flexile structure substrate and as an active
pH sensing membrane. The miniaturised 40-electrode array enabled spatiotemporal interrogation of
the local H+ concentration, demonstrating a distinguishable sensitivity (22.8 mV /pH when plasma
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oxidised at 400 W/10 min), very low leakage currents (1.16-13.58 nA) and drift rates (10.9-31.2
mV /h) within a pH range of 4-10.
7.2 Contributions
This research has already contributed in many novel ideas. The surface properties of Parylene C in
terms of nanotopography, water affinity and chemical composition were thoroughly characterised
and the material’s processing under conventional lithographic techniques and oxygen plasma was
fully optimised. New application horizons were demonstrated for the material:
• The ability of Parylene C to serve as a cell culturing substrate that can effectively control
the cellular microenvironment and consequently affect the morphology and Ca2+ physiology
of neonatal ventricular myocytes. This was accomplished through the development of a tech-
nique that selectively alters the inherent hydrophobicity of Parylene C, while it accurately
controls the layout, 3-D geometry and extent of induced hydrophilicity. This technology
simply requires a two-step process and is compatible with standard microfabrication tech-
niques. In contrast with other micro-patterning techniques that require complex equipment
and/or procedures, this method significantly facilitates the biologically-oriented user, since
extracellular matrix compounds are simply applied to the fabricated constructs. Precision
is accomplished using conventional well optimised micro-fabrication processes that allow the
reproducibility of the patterned layout with minimum deviation. Versatility and scalability
are achieved using multiple layout geometries tailored to a specific biological application and
enabling microscale patterning resolution down to 1 µm. Finally, the pattern stability renders
this technology ideal for long-term culturing applications.
• The integrability of the Parylene-based patterning technology with commercial products for
cell culture monitoring (MEAs). This integration delivers a versatile product that is com-
patible with existing state-of-art recording equipment already in use in major industrial and
academic laboratory facilities. This will significantly promote the widespread dissemination
of the developed technology and provide researchers with an off-the-shelf product for electro-
physiological studies of biomimetic tissue.
• The exploitation of Parylene C as an active H+ sensing membrane, which is a material’s
property demonstrated for the first time. Furthermore, the introduction of a technique to
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employ Parylene in three different ways within a single sensing platform; as a passive encap-
sulant, an active H+ sensing membrane and a flexible support substrate. This technology
has the potential to deliver hybrid sensing platforms that will facilitate concurrent electrical
and pH recordings, while integrating the structuring technology.
7.3 Future work
Further pharmacological studies are required to investigate the biological mechanisms behind the
improved Ca2+ cycling due to cell structuring and the thickness-dependent cellular morphology.
Future directions also entail the extension of this work onto flexible MEAs that incorporate
the patterning technology and will still be compatible with existing recording systems. These
advanced MEAs can additionally provide a means to assess contractility of the cell culture, which
is an important marker determining the maturation of cardiac cells with immature phenotype.
Another important extension of the current work is the integration of the distinct Parylene
C-based technologies developed in this research - the structuring technology and the pH sensing
technology - into commercially available MEAs to develop a hybrid multiparametric sensing system.
This system will facilitate the continuous evaluation of the cellular metabolic rate during electrical
monitoring and provide a closed-loop (feedback) system as an evaluation means for the reliability
of the recordings. It will also enable accurate and reliable straight-forward correlations between
pH and electrical activity, which is the focus of many current research efforts.
Most importantly, the developed technologies can be employed for answering specific biologi-
cal questions regarding promising cell lines, such as iPSC. Whether these cell types can be exploited
as human-relevant assays for screening and characterising novel candidates is a whole new research
chapter with particularly high impact on cardiovascular research. The technology presented in this
work highlights a new perspective in lab-on-chip implementations and tissue engineering, which can
potentially increase the reliability of physiological measurements and better predict actual human
response to drug therapies.
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Figure A.1: Restoration ratio of Parylene C films oxidised under distinct oxygen plasma conditions.
Error bars indicate SD. Number of measurements for each case: n=3.
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Figure A.2: Bright-field microscopy images at 10× (left) and 40× (right) magnification of NRVM
seeded on H/H patterned constructs (a) 1 week and (b) 4 weeks after production (50 W/1 min), and
on G/H patterned constructs (c) 1 week and (d) 4 weeks after production (400 W/15 min), indicating
the ability of the proposed technique to retain long-term patterning. Bars: white 100 µm, red 50 µm.
Courtesy of Dr Chris Rao.
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Figure A.3: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glass constructs at 0.5 Hz field stimulation. Error bars indicate SEM (Data derived from
six isolations).
Figure A.4: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glass constructs at 1 Hz field stimulation. Error bars indicate SEM (Data derived from six
isolations).
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Figure A.5: Fluorescent amplitude (f/f0), time to peak (Tp), 50% decay (T50), and 90% decay
(T90) of the Ca2+ transients of NRVM cultured on 10 µm-thick patterned (red) and unpatterned
(blue) (400 W/5 min) Parylene C free-standing films at 0.5 Hz field stimulation. Error bars indicate
SEM. (Data derived from 2 isolations).
Figure A.6: Fluorescent amplitude (f/f0), time to peak (Tp), 50% decay (T50), and 90% decay
(T90) of the Ca2+ transients of NRVM cultured on 10 µm-thick patterned (red) and unpatterned
(blue) (400 W/5 min) Parylene C free-standing films at 1 Hz field stimulation. Error bars indicate
SEM. (Data derived from 2 isolations).
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Figure A.7: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glasses (G) and free-standing films (F) of distinct thicknesses at 0.5 Hz field stimulation.
Error bars indicate SEM. *p <0.05, **p <0.01, ***p <0.001 (Data derived from two isolations).
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Figure A.8: Ca2+ cycling properties of NRVM cultured on H/H patterned (400 W/5 min) Parylene
C-coated glasses (G) and free-standing films (F) of distinct thicknesses at 1 Hz field stimulation. Error
bars indicate SEM. *p <0.05, ***p <0.001 (Data derived from two isolations).
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Figure A.9: Ca2+ cycling properties of NRVM cultured on free-standing H/H patterned (400 W/5
min) Parylene C films at 0.5 Hz field stimulation. Error bars indicate SEM. (Data derived from two
isolations).
Figure A.10: Ca2+ cycling properties of NRVM cultured on free-standing H/H patterned (400 W/5
min) Parylene C films at 1 Hz field stimulation. Error bars indicate SEM. (Data derived from two
isolations).
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This appendix includes a script that was developed in MATLABr to analyse the Ca2+ transients
derived from fluorescent microscopy experiments. The software consists of a main script (Main.m)
which calls a function (analyse.m) to calculate Ca2+ cycling parameters. The function uses the
ascii files as extracted from IDL Neuroplex software, averages the first four transients from each
signal to eliminate the noise, and calculates the time to peak, time to 50% decay, time to 80%
decay, time to 90% decay and fluorescent amplitude (normalised to the signal baseline) of each
averaged signal. It then returns these parameters together with the total number of traces that
were analysed. The script also plots the initial and averaged signals as a function of time. An excel
file is finally created, which holds the calculated values of the Ca2+ parameters for each signal.
B.1 Function analyse
function [tp, t50, t80, t90, Norm, n, time, dataf] = analyse(numoftran, data , fac, bin)
%%%%%%%% Store the stimulation signal to identify stimulation times %%%%%%%%
stim data=data(:,1);
count=0;
j=1;
stim=0;
for i=1:length(stim data)
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if stim data(i)>500
stim=stim+1;
if count==0;
if i==1;
stimind(j)=i;
else
stimind(j)=i−1;
j=j+1;
count=count+1;
end
end
else
count=0;
end
end
if length(stimind)<5
stimind(5)=length(data);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
siz=size(data);
datanew=data(:,2:siz(2));
siz=size(datanew);
%%%%%%%%%%%%%%%%% Averaging four transients from a signal %%%%%%%%%%%%%%%%%%
for i=1:siz(2)
data101=datanew(stimind(1):stimind(2)−1,i); %first transient
data102=datanew(stimind(2):stimind(3)−1,i); %second transient
data103=datanew(stimind(3):stimind(4)−1,i); %third transient
data104=datanew(stimind(4):stimind(5)−1,i); %fourth transient
if ( (length(data101)˜= length(data102)) | | (length(data101)˜= length(data103)) | |
(length(data101)˜= length(data104)) | | (length(data102)˜= length(data103)) | |
(length(data104)˜= length(data102)) | | (length(data103)˜= length(data104)))
array=[length(data101) length(data102) length(data103) length(data104)];
max ind=max(array);
data101(max ind)=data101(length(data101));
data102(max ind)=data102(length(data102));
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data103(max ind)=data103(length(data103));
data104(max ind)=data104(length(data104));
end
dataf(:,i)=(data101+data102+data103+data104)/numoftran;
end
dim=size(dataf);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%% Calculate time interval %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% fac: the frequency acquisition (kH) of the camera %%%%%%%%%%%%
%%%%%%%%%%%%% bin: number of points per ms (can be 1 or 2) %%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% total number of points = length(dataf) %%%%%%%%%%%%%%%%%%%%%%%
step=bin*(1/fac); %in ms
T=step*dim(1); %period in ms
time=0:step:2*((dim(1)−1)/fac);
%%%%%%%%%%%%%%%%%%%%%%%%% Smooth the averaged signal %%%%%%%%%%%%%%%%%%%%%%%
for i=1:dim(2)
dataf(:,i)=smooth(dataf(:,i),10);
end %variable dataf holds the transients to be analysed from the whole area
%%%%%%%%%%%%%%%%%%%%%%% Calculate calcium parameters %%%%%%%%%%%%%%%%%%%%%%%
for i=1:dim(2)
%%%%%%%%%% Amplitude %%%%%%%%%%%%
[F ind]=max(dataf(:,i));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%% Time to peak %%%%%%%%%
tp(i)=time(ind);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% Baseline %%%%%%%%%%%
Fo=dataf(1,i); % initial %
Foa=dataf(dim(1),i); %% last %%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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datacrop=smooth(dataf(ind:dim(1),i),20);
%%%%%%% Time to 50% decay %%%%%%
repol50=F−0.5*(F−Foa);
[rte,index]=min(abs(datacrop−repol50));
index=ind+index−1;
t50(i)=time(index)−time(ind);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%% Time to 80% decay %%%%%%
repol80=F−0.8*(F−Foa);
[rte,index]=min(abs(datacrop−repol80));
index=ind+index−1;
t80(i)=time(index)−time(ind);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%% Time to 90% decay %%%%%%
repol90=F−0.9*(F−Foa);
[rte,index]=min(abs(datacrop−repol90));
index=ind+index−1;
t90(i)=time(index)−time(ind);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Normalised fluorescence amplitude %
Norm(i)=F/Fo;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
end
n=dim(2);
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% A script that:
% 1) averages up to 4 transients from each signal
% 2) uses signals from up to five different areas of a single culture
% 3) calculates the mean values of normalised fluorescent amplitude (Norm),
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% time to transient peak (tp), time to 50% decay (t50), time
% to 80% decay (t80) and time to 90% decay (t90)
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Parameters to be defined %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
filename='excellfile.xls'; %The name of the excell file to be created
column name='2 Hz'; %The name of the excell sheet (e.g. can have multiple stim.
%frequencies of a culture in the same excell file)
numoftran=4; %The number of transients to be averaged within a single
%signal −> up to 4
numofareas=4; %The number of areas (corresponding to different files)
%of the same culture −> up to 5
fac=0.5; %The camera (sampling) acquisition frequency (kHz)
bin=2; %The bin that was used −> can be 1 or 2
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%% one area %%%%%%%%%%%%%%%
if numofareas==1
[ln1 siz1]=size(data1);
[tp1, t501, t801, t901, Norm1, n1, time, dataf] = analyse(numoftran, data1, fac, bin);
Norm=Norm1;
tp=tp1;
t50=t501;
t80=t801;
t90=t901;
n=n1;
figure(1);
plot(time, dataf);
title('Averaged and smoothed signals');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(2);
plot(data1(:,2:siz1));
title('Signals from area1');
xlabel('Number of samples');
ylabel('Pixel intensity');
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%% two areas %%%%%%%%%%%%%%%
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if numofareas==2
[ln1 siz1]=size(data1);
[ln2 siz2]=size(data2);
[tp1, t501, t801, t901, Norm1, n1, time, dataf] = analyse(numoftran, data1, fac, bin);
figure(1);
plot(time, dataf);
title('Averaged and smoothed signals from area1');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(2);plot(data1(:,2:siz1));
title('Signals from area1');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp2, t502, t802, t902, Norm2, n2, time, dataf] = analyse(numoftran, data2, fac, bin);
figure(3);
plot(time, dataf);
title('Averaged and smoothed signals from area2');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(4); plot(data2(:,2:siz2));
title('Signals from area2');
xlabel('Number of samples');
ylabel('Pixel intensity');
tp=cat(2, tp1, tp2);
t50=cat(2, t501, t502);
t80=cat(2, t801, t802);
t90=cat(2, t901, t902);
Norm=cat(2, Norm1, Norm2);
n=n1+n2
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% three areas %%%%%%%%%%%%%%
if numofareas==3
[ln1 siz1]=size(data1);
[ln2 siz2]=size(data2);
[ln3 siz3]=size(data3);
[tp1, t501, t801, t901, Norm1, n1, time, dataf] = analyse(numoftran, data1, fac, bin);
figure(1);
plot(time, dataf);
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title('Averaged and smoothed signals from area1');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(2);plot(data1(:,2:siz1));
title('Signals from area1');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp2, t502, t802, t902, Norm2, n2, time, dataf] = analyse(numoftran, data2, fac, bin);
figure(3);
plot(time, dataf);
title('Averaged and smoothed signals from area2');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(4); plot(data2(:,2:siz2));
title('Signals from area2');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp3, t503, t803, t903, Norm3, n3, time, dataf] = analyse(numoftran, data3, fac, bin);
figure(5);
plot(time, dataf);
title('Averaged and smoothed signals from area3');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(6); plot(data3(:,2:siz3));
title('Signals from area3');
xlabel('Number of samples');
ylabel('Pixel intensity');
tp=cat(2, tp1, tp2, tp3);
t50=cat(2, t501, t502, t503);
t80=cat(2, t801, t802, t803);
t90=cat(2, t901, t902, t903);
Norm=cat(2, Norm1, Norm2, Norm3);
n=n1+n2+n3
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%% four areas %%%%%%%%%%%%%%
if numofareas==4
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[ln1 siz1]=size(data1);
[ln2 siz2]=size(data2);
[ln3 siz3]=size(data3);
[ln4 siz4]=size(data4);
[tp1, t501, t801, t901, Norm1, n1, time, dataf] = analyse(numoftran, data1, fac, bin);
figure(1);
plot(time, dataf);
title('Averaged and smoothed signals from area1');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(2); plot(data1(:,2:siz1));
title('Signals from area1');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp2, t502, t802, t902, Norm2, n2, time, dataf] = analyse(numoftran, data2, fac, bin);
figure(3);
plot(time, dataf);
title('Averaged and smoothed signals from area2');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(4); plot(data2(:,2:siz2));
title('Signals from area2');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp3, t503, t803, t903, Norm3, n3, time, dataf] = analyse(numoftran, data3, fac, bin);
figure(5);
plot(time, dataf);
title('Averaged and smoothed signals from area3');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(6);plot(data3(:,2:siz3));
title('Signals from area3');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp4, t504, t804, t904, Norm4, n4, time, dataf] = analyse(numoftran, data4, fac, bin);
figure(7);
plot(time, dataf);
title('Averaged and smoothed signals from area4');
xlabel('Time (ms)');
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ylabel('Pixel intensity');
figure(8);plot(data4(:,2:siz4));
title('Signals from area4');
xlabel('Number of samples');
ylabel('Pixel intensity');
tp=cat(2, tp1, tp2, tp3, tp4);
t50=cat(2, t501, t502, t503, t504);
t80=cat(2, t801, t802, t803, t804);
t90=cat(2, t901, t902, t903, t904);
Norm=cat(2, Norm1, Norm2, Norm3, Norm4);
n=n1+n2+n3+n4
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%% five areas %%%%%%%%%%%%%%
if numofareas==5
[ln1 siz1]=size(data1);
[ln2 siz2]=size(data2);
[ln3 siz3]=size(data3);
[ln4 siz4]=size(data4);
[ln5 siz5]=size(data5);
[tp1, t501, t801, t901, Norm1, n1, time, dataf] = analyse(numoftran, data1, fac, bin);
figure(1);
plot(time, dataf);
title('Averaged and smoothed signals from area1');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(2);plot(data1(:,2:siz1));
title('Signals from area1');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp2, t502, t802, t902, Norm2, n2, time, dataf] = analyse(numoftran, data2, fac, bin);
figure(3);
plot(time, dataf);
title('Averaged and smoothed signals from area2');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(4); plot(data2(:,2:siz2));
title('Signals from area2');
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xlabel('Number of samples');
ylabel('Pixel intensity');
[tp3, t503, t803, t903, Norm3, n3, time, dataf] = analyse(numoftran, data3, fac, bin);
figure(5);
plot(time, dataf);
title('Averaged and smoothed signals from area3');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(6);plot(data3(:,2:siz3));
title('Signals from area3');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp4, t504, t804, t904, Norm4, n4, time, dataf] = analyse(numoftran, data4, fac, bin);
figure(7);
plot(time, dataf);
title('Averaged and smoothed signals from area4');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(8);plot(data4(:,2:siz4));
title('Signals from area4');
xlabel('Number of samples');
ylabel('Pixel intensity');
[tp5, t505, t805, t905, Norm5, n5, time, dataf] = analyse(numoftran, data5, fac, bin);
figure(9);
plot(time, dataf);
title('Averaged and smoothed signals from area5');
xlabel('Time (ms)');
ylabel('Pixel intensity');
figure(10);plot(data5(:,2:siz5));
title('Signals from area5');
xlabel('Number of samples');
ylabel('Pixel intensity');
tp=cat(2, tp1, tp2, tp3, tp4, tp5);
t50=cat(2, t501, t502, t503, t504, t505);
t80=cat(2, t801, t802, t803, t804, t805);
t90=cat(2, t901, t902, t903, t904, t905);
Norm=cat(2, Norm1, Norm2, Norm3, Norm4, Norm5);
n=n1+n2+n3+n4+n5
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end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% Create excel file %%%%%%%%%%%
d={'Norm', 'tp', 't50', 't80', 't90'};
xlswrite(filename, d, column name, 'A');
dat=cat(2,Norm',tp',t50',t80', t90');
xlswrite(filename, dat, column name, 'A2');
nos={'n'};
xlswrite(filename, nos, column name, 'G');
xlswrite(filename, n, column name, 'G2');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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C.1 Calibration of chemical sensors
Two different types of calibration were performed in order to compensate for the offset and drift
exhibited by the sensors. In all cases temperature was assumed to be constant and, therefore, any
effect on the pH was ignored.
Offset calibration: The fabrication process (e.g. deposition of Parylene) introduces non-
uniformities over the entire set of the sensing sites attributing non-identical characteristics to the
active transducers. Data were recorded from each sensor type for a sufficient time of 300 s in a
buffer solution of pH 7, and the corresponding offsets were extrapolated.
Drift calibration: Mobile ions in the electrolytes under test interact with the membrane
surface and affect its chemical composition and thickness. This drift-pH relation of the sensors is
more obvious when observing their long-term response. Two different models were employed for
describing the drift response in a linear and exponential manner, with the latter better capturing
the experimental response, and thus it was the one adopted in our calibration procedure (equation
C.1). Data previously recorded from a single sensing site for a time interval of 10 min in each
electrolyte solution were fitted through an exponential curve to compensate for drift.
∆V = A+B · e−C·t (C.1)
In equation C.1, A, B and C are parameters calculated from the curve fitting, while t
indicates time.
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C.2 Sensing H+ with conventional neural probes
In this section a technique is demonstrated for transforming commercially available neural probes
customly used for in vivo extracellular electrical recordings, into a pH sensing device for detec-
tion of ionic concentrations in electrolytes. This transformation requires a single post-processing
step in order to incorporate a thin ITO membrane for sensing H+. The proposed sensing device
demonstrates the possibility of a low-cost implementation that can be reusable and thus versatile,
with potential applications in real-time extracellular but mainly intracellular chemical monitoring.
Further expansion of this work could yield a robust sensor for invasive chemical monitoring of the
intracellular activity. This work was published in:
T. Trantidou, T. Prodromakis, V. Tsiligkiridis, Y.-C. Chang, and C. Toumazou, “Sens-
ing H+ with conventional neural probes,” Applied Physics Letters, vol. 102, no. 22,
pp. 223506-4, 2013.
C.2.1 Materials and methods
C.2.1.1 Fabrication of ITO-coated probe sensors
Throughout this work, a 16-channel neural probe was employed (A-probe, Neuronexus) with elec-
trode sites of 15 µm in diameter (fig. C.1(a)). A photoresist blob was applied on the contact pads
of the probe before coating the shank with a thin layer (200 nm) of ITO (In2O3:SnO2/90:10) us-
ing a sputtering deposition. The processed probe was then wire-bonded to a PCB to facilitate the
transmission of the chemical potentials to the read-out circuitry (fig. C.1(b)). Encapsulation of the
exposed wires and the contact pads was implemented through application of a photocurable epoxy
resin, which also secured the wires to a standard position. A cross section of the post-processed
prototypes is provided in fig. C.1(b). ITO is a material known for its dual-conducting (semicon-
ducting) nature with a thickness-dependant resistivity, which for films of 200 nm ranges between
1.85-5 ·10−4 Ohm·cm depending on the sputtering deposition type (DC, RF) and the deposition
parameters (power, pressure, gas flow) [1, 2].
The functional protocol behind the pH sensing operation is the electrostatic coupling between
the ions and the gate ITO layer, facilitated by the site-binding of H+ to the ITO sensing membrane,
as described by Grahame’s dual layer capacitor [3]. Depending on the available ionic resources, the
binding of H+ to the ITO surface in the vicinity of the sensing sites introduces a small capacitance
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Figure C.1: (a) Microscope image of the 16-channel neural probe indicating the sensing sites. (b)
Image of the neural probe mounted on a PCB for signal transmission. A schematic cross-section of
the fabrication process is also shown.
that leads to a corresponding output voltage.
C.2.1.2 Experimental set up
In order to evaluate the chemical behaviour of the device, discrete MOSFETs were employed. An
array of p-type MOSFETs was hosted on a versatile instrumentation system previously designed
[4] together with an appropriate multiplexing scheme, the necessary biasing circuitry comprising
of dual op-amp source-drain followers, and universal interfacing ports. The fabricated platforms
were remotely connected with the instrumentation board through a connector to facilitate the
transmission of the chemical potentials to the read-out circuitry. The extended-gate approach
was selected in this study in order to improve the sensor’s reliability and lifetime by having the
active transducer in a remote location from the chemical sensing sites. The sensing prototype was
evaluated with commercially available buffer solutions of known pH (HANNA Instruments). The
electrical properties of the device were determined with a Keithley semiconductor characterisation
system (SCS-4200) through the corresponding ID-VGS curves of the MOSFETs, while the chemical
properties were extrapolated with the aid of the universal instrumentation and a software platform
developed in MATLABr. A Ag/AgCl reference electrode was immersed in the electrolyte and was
used as a remote gate. All experiments were carried out at room temperature and in a faraday
cage for minimising noise.
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C.2.2 Results and discussion
C.2.2.1 Chemical sensitivity
To evaluate the chemical sensitivity of the device, the probe was immersed for 100 s into 20 ml
of each electrolyte in the following order: pH 7, 4, 7, 10, and 7. Before testing a new electrolyte,
the sensor and the Ag/AgCl electrode were rinsed with DI water to remove any residual chemical
compounds. Fig. C.2(a) depicts the transient response (output voltage of the dual op-amp source-
drain followers biasing the MOSFETs) of 5 probe channels across distinct electrolytes. The graphs
illustrated correspond to uncalibrated data (top) and data that were calibrated in terms of offset
(in pH 7 solution) and drift (bottom). Calibration was performed through the software in order to
maintain a uniform and relative performance for all sensing sites of the array. Fig. C.2(b) shows the
average output voltages of the neural probe sensing sites acquired during the experiments, indicating
a pH sensitivity of 28 mV /pH. This implies that the sensor is linear, which is important in order
to extrapolate straightforward correlations between detected voltage and H+ concentrations. It
is also worth mentioning that the observed sensitivity is well below the Nernstian sensitivity [5];
nonetheless, the relevant differences between the various pH values are still well distinguishable.
Thinner passivations result in an increase on the electrostatic coupling of H+, as proved previously
[6]; however, the small scale of the front-end sensor employed here, and therefore of the sensing sites,
limits the pH sensitivity that can be achieved. Moreover, the substantially extended remote-gate
used in this work significantly increases the floating-gate capacitance resulting in a voltage-scaling,
which is demonstrated by a lower sensitivity.
C.2.2.2 Electrical functionality and encapsulation integrity
The electrical functionality of the sensor was proved via an ID-VGS sweep. Essentially, the sensing
sites of the neural probe are extensions of the MOSFETs gates that are able to sense H+ via the
ITO membrane. The operational principle of these sensors is identical with the ISFETs, in which
the threshold voltage of the transducer corresponds to different pH values. The drain and source
voltages were fixed at 0.5 V and 0 V , respectively, while the gate voltage applied through the
reference electrode as swept from -1 to 0.2 V . Chemical sensitivity results for three distinct buffer
solutions of pH values 10, 7, and 4 are depicted in fig. C.2(c). The right axis of the figure depicts the
corresponding measured leakage current flowing through the reference electrode, which also serves as
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Figure C.2: (a) Unfiltered uncalibrated (top) and calibrated (bottom) data indicating chemical
sensitivity of the probe in distinct pH values. (b) Chemical sensitivity evaluation of the device
showing an average sensitivity of 28 mV /pH over 6 neural probe channels. Error bars indicate SD.
(c) (Left axis) ID-VGS curves of device for pH 4, 7, and 10. (Right axis) Measured reference leakage
currents. (d) Drift trends of the neural probe device under electrolytes of pH 4, 7, and 10. Markers
indicate the experimental data and full lines the respective fitting (exponential) curves.
an indication of the encapsulation integrity of the ITO membrane. Leakage current measurements
were assessed for a constant current of 100 µA that corresponds to the operational region of the
MOSFETs (table C.1). Interestingly, the leakage current in all cases remains in very low levels,
demonstrating the excellent encapsulation quality of the device. During these measurements, no
substantial changes in the leakage current were noticed over time, since the encapsulation integrity
of the sensor dominating the leakage current measurements remained intact.
C.2.2.3 Chemical drift
Apart from the short-term response, the long-term stability was also examined in terms of the
voltage drift. With the same setup, the output (drain) voltage of the probe was recorded for 45
min under leaving the sensor in a constant electrolyte environment (20 ml, pH 4, 7, and 10) and
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is demonstrated via the drift-pH relation seen in fig. C.2(d). Average drift rates (mV /h) are
extrapolated and presented in table C.1. These results are favourably comparable with reported
results derived from conventional ISFETs varying from a couple of mV to tens of mV per hour [7].
Table C.1: Performance summary of the ITO sensing device.
Buffer
solutions
Output voltage1
(V )
Drift rate1
(mV /h)
Leakage current2
(nA)
pH 4 1.03 ± 0.01 7.67 ± 2.15 9.8
pH 7 0.94 ± 0.01 1.13 ± 1.01 5.1
pH 10 0.86 ± 0.02 13.45 ± 4.58 1.9
1 Average response over 6 channels.
2 Measurements at ID=100 µA.
C.2.3 Summary
In this work, a method for integrating chemical sensing modalities into commercially available
neural probes is demonstrated. ITO is a compatible material with existing neural probe arrays
fabrication flowcharts, commonly employed for manufacturing the electrodes. Clearly, this approach
is not limited to ITO sensing membranes and could be optimised according to specific application
requirements in order to transform any electrical sensing product into a chemical sensor or even
facilitate the deployment of both modalities on the same probe. Measured results indicate a good
chemical sensitivity, while the device exhibits relatively low leakage currents and chemical drifts.
The proposed technique is scalable and, therefore, can be engaged along with the current state-of-
the-art in monitoring intracellular potential recordings [8, 9]. An indicative example would be the
application with Utah electrode arrays, in which ITO deposition on the active electrode tips before
parylene encapsulation would finally yield a 3-D chemical sensing array [10].
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